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Abstract
Anisotropic nanocrystals (NCs) have become of keen interest in recent years, especially
for applications in optoelectronic devices due to their directionally oriented emissions, narrow
emission spectra, and suitable morphologies for device integration. Of the desired anisotropic NCs,
two-dimensional (2D) NCs are of profound interest, due to their impressive optical and electronic
properties as well as their prospective advantages towards applications in layered optoelectronic
devices, such as solar cells. However, 2D NCs face many challenges, including limited synthetic
derivation, as well as decreased stability and optical response, due to their large surface-to-volume
ratio and reactive planar surface increasing surface defect state formation or reactions with possible
antagonistic substances, such as moisture or oxygen. Additionally, their large lateral surface area
makes dopant incorporation difficult, limiting discrete composition control. This is because their
rapid NC formation mechanism makes self-purification of possible dopant impurities likely and
their higher surface area makes surface adsorption of dopants more favorable. Therefore,
simplified synthetic methods for doped 2D anisotropic NCs are still necessary, especially
involving methods for improved environmental stability and optical activity. This work aims to
provide methods in solution to these issues by developing simplified syntheses for 2D NCs and
for shell passivation, with means of dopant incorporation and further synthetic manipulation.
Specifically, three methods for the synthesis of 2D NCs were developed, one for II-VI group CdS
nanoplatelets (NPLs) following a one-pot heat up approach, and two for all-inorganic cesium lead
halide perovskite NPLs and nanosheets (NSs), with one by the post-synthetic solvothermal
treatment of perovskite nanorods (NRs) and one by a ligand-mediated room temperature synthesis.
Additionally, Mn2+-dopant incorporation methods were developed for each synthetic method and
a novel low-temperature ZnS shell passivation method was developed for the production of
Mn:CdS/ZnS core/shell NPLs to avoid NPL degradation during shell passivation. The physical,
optical, and magnetic properties of the resulting doped systems were explored for prospective
applications in optoelectronic devices.
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Figure 1.1

(a) Representative images of medieval stained glass art from the Stained Glass
Museum of Britain, with accompanying transmission electron microscopy images
of (b) 25 nm Au and (c) 100 nm Ag NCs.1

Figure 1.2

(a) SEM image of Tin spheres ranging in size from a few nanometers to a few
micrometers,2 (b) TEM image of CsPbBr3 NCs, averaging ~15 nm lengthwise, (c)
STEM image of Pt shell Pd NC of ~6.5 nm diameter with the respective (d) EDS
elemental mapping that shows the same NC based on composition, where Pd and
Pt are red and green, respectively.3

Figure 1.3

Schematic of band gap energy separation with respect to NC size and a
representative image of the respective NC solutions under UV light irradiation.4

Figure 1.4

TEM images of 0D (a) CdS QDs5 and (b) CsPbBr3 nanocubes,6 1D (c) CsPbBr3
NRs7 and ZnSe NWs,8 and 2D (e) CsPbBr3 NPLs and (f) NSs.7

Figure 1.5

(a) PL emission peak position of II-VI group semiconductor NCs with respect to
energy in electron volts, wavelength in nm, color based on NC size.9 (b) digital
image of CdSe/ZnS shelled QDs of varying core size,10 (c) digital image of CsPbX3
(X = Cl, Br, I, and mixture thereof) NC of varying halide composition, and (d) the
respective CsPbX3 NC PL spectra.11

Figure 1.6

(a) Schematic showing band gap energy transfer to Mn2+ d-d state atomic orbitals,
(b) representative optical data for Mn:CdS/ZnS core/shell QDs with host and Mn
PL varying based on Mn migratory behavior,12 (c) schematic showing 5/2 spin state
of Mn valence band, and (d) a representative electron spin resonance spectrum of
Mn2+ doped NCs.

Figure 1.7

(a) HAADF-TEM image of 5 monolayer thick CdSe NPLs,13 and (b) tapping phase
AFM image of CsPbBr3 NPLs.7

Figure 2.1

TEM images of (a) 2D CdS NPLs, (b) 2D Mn:CdS NPLs, and (c) 2D Mn:CdS/ZnS
core/shell (C/S) NPLs; (d) powder XRD patterns of Mn:CdS core NPLs and
Mn:CdS/ZnS core/shell NPLs. (e) Zoomed-in XRD patterns showing peak shifting
of the (111) diffraction peak by increasing the Mn-doping concentration.

Figure 2.2

Dopant concentration-dependent X-band EPR spectra of (a) Mn:CdS core and (b)
Mn:CdS/ZnS core/shell NPLs, showing an increase in dipolar contribution with
increasing dopant concentration and a decrease in dipolar contribution as shelling
occurs.
VIII

Figure 2.3

Normalized absorbance and emission spectra of (a) 0.6% Mn:CdS core NPLs
shelled up to 220 °C using the SSSP method. (b) Dopant concentration-dependent
absorbance and emission spectra of Mn:CdS/ZnS core/shell NPLs ([Mn]: 0–1.5%).
(c) Total PL QY of core and core/shell-doped NPLs with respect to Mn
concentration. (d) Excitation anisotropy data contingent on wavelength for 0.6%
Mn:CdS core and corresponding 0.2% Mn:CdS/ZnS core/shell NPLs. (e) Peak
intensity ratio of Mn PL with respect to the CdS host PL as a function of Mn
concentration.

Figure 2.4

(a) Schematic representation of SSSP shelling with ZnS causing a pseudo-7- ML
CdS core in Mn:CdS/ZnS core/shell NPLs. Orange spheres represent S ions, red
spheres represent Cd ions, and blue spheres represent Zn ions. Mn is not shown for
simplicity. (b) Representation of the CdS–Mn host–dopant energy transfer in
Mn:CdS core and Mn:CdS/ZnS core/shell (with differing doping concentrations)
NPLs. (c) CdS band gap PL lifetime for the Mn:CdS core NPLs as a function of
Mn concentration (0–4.7%). (d) Mn PL lifetime of the Mn:CdS/ZnS core/shell
NPLs as a function of Mn concentration (0–1.5%). Insets show the average
lifetimes of the NPLs as a function of Mn concentration.

Figure 2.5

Isothermal magnetization (T = 2 K) for (a) Mn:CdS and (b) Mn:CdS/ZnS NPLS as
a function of Mn concentration. The dashed lines are Brillouin fits to the data points
(expressed as open circles). Inset in (a): Weiss temperatures (from magnetic
susceptibility fits) as a function of Mn concentration. The lines are a guide for the
eyes.

Figure S2.1

Absorption and PL spectra of (a) CdS core and CdS/ZnS core/shell (C/S) NPLs, as
well as (b) 1.1% Mn:CdS core and 0.4% Mn:CdS/ZnS core/shell NPLs shelled up
to and annealed at 200 ˚C for 0-180 min using the SSSP method, (c) total PL QY,
(d) FWHM of CdS host emission, and (e) dopant to host PL intensity ratio with
respect to shell annealing time. Error values were determined from averaged results
from 3 trials.

Figure S2.2

TEM images of Mn:CdS/ZnS core/shell NPLs synthesized with maximum
temperature at (a) 240 ˚C and (b) 280 ˚C (annealed for 1 h).

Figure S2.3

TEM images of 0-4.7% Mn:CdS core (a-e) and corresponding Mn:CdS/ZnS
core/shell NPLs (f-j, [Mn]: 0-1.5%), indicating 2D morphology of the core and
core/shell NPLs with differenct Mn concentration (Scale bar: 50 nm). However,
there is some indication that higher doping concentrations can cause increased rates
of degradation, resulting in the formation of higher quantum confined NCs such as
quantum dots. These quantum dots can be primarily observed in the 4.7% Mn:CdS
and corresponding 1.5% Mn:CdS/ZnS core/shell NPLs.
IX

Figure S2.4

(a) AFM image of Mn:CdS/ZnS NPLs. Inset: A high magnification AFM image of
individual NPLs with approximately 50 x 20 nm lateral dimensions. These results
are in good agreement with the dimensions of the core/shell NPLs obtained through
TEM measurement. (b) NPL height determined from cross sections of individual
NPLs outlined by the respective blue, green, and red lines in figure S2.4a.

Figure S2.5

XRD analysis of (a) the (111) diffraction peak positions and (b) the calculated
d(111) spacing as a function of Mn concentration in Mn:CdS NPLs.

Figure S2.6

XRD spectra of Mn:CdS/ZnS NPLs with Mn doping concertation ranging from 01.5%.

Figure S2.7

Thermal stability assessment of CdS core NPLs at (a) 200 ˚C and (b) 220 ˚C as well
as CdS/ZnS core/shell NPLs at (c) 220 ˚C annealed for 0-3 h.

Figure S2.8

Thermal stability assessment of 0.6% Mn:CdS core NPLs at (a) 200 ˚C and (b) 220
˚C as well as the corresponding Mn:CdS/ZnS core/shell NPLs (Mn: 0.2%) at (c)
220 ˚C annealed for 0-3 h.

Figure S2.9

X-band EPR spectra for Mn:CdS core and corresponding Mn:CdS/ZnS core/shell
NPLs grown at 200 ˚C and 220 ˚C during shelling process with final doping
concentrations of (a) 0.2%, (b) 0.4%, (c) 0.9%, and (d) 1.5%.

Figure S2.10 Excitation anisotropy for 0.6-4.7% Mn:CdS core and 0.2-1.5% Mn:CdS/ZnS
core/shell NPLs varying based Mn doping concentration.
Figure S2.11 ZnS shell passivation from 120-220 ˚C of Mn:CdS core NPLs to form Mn:CdS/ZnS
core/shell NPLs with final Mn2+ doping concentration of (a) 0.2%, (b) 0.4%, (c)
0.9%, and (d) 1.5%.
Figure S2.12 Magnetic susceptibility for (a) 0.6%, (b) 1.1%, (c) 2.5%, and (d) 4.7% Mn:CdS
core as well as (e) 0.2%, (f) 0.4%, (g) 0.9%, and (h) 1.5% Mn:CdS/ZnS core/shell
NPLs. The solid lines are modified Curie Law fits to the data points. The feature at
ca. 50 K is an oxygen feature that is inherently present due to the extremely weak
paramagnetic signals.
Figure 3.1

(a) Schematic of the formation of 2-D CsPbX3 NPLs and NSs by the oriented
attachment of CsPbX3 NRs. TEM images of (b) CsPbCl3 and (f) CsPbBr3 NRs
synthesized in three-neck round-bottom flasks under atmospheric pressure. TEM
image of 2-D CsPbCl3 NCs grown in Teflon-lined autoclaves at 160 °C for (c) 2.0
h (NPLs), (d) 2.5 h (large NPLs), and (e) 3.0 h (NSs). TEM images of CsPbBr3 NCs
X

grown in Teflon-lined autoclave at 160 °C for (g) 3.0 h (NPLs), (h) 4.0 h (large
NPLs), and (i) 5.0 h (NSs).
Figure 3.2

AFM images of 2-D CsPbCl3 (a, Stage I) NPLs and (b, Stage III) NSs. (c, d) Height
profiles represent the heights obtained from the AFM images in 2-D CsPbCl3 (a,
Stage I) NPLs and (b, Stage III) NSs along the blue, red, and green lines,
respectively.

Figure 3.3

UV–vis (dotted line) and PL (solid line) (a) spectra and (c) XRD patterns of 1-D
CsPbCl3 NRs obtained by a hot-injection method at 120 °C and 2-D CsPbCl3 NCs
obtained with different solvothermal treatment time at 160 °C. (b) PL fwhm and
(d) XRD intensity ratio of (200) and (110) peaks of 1-D and 2-D CsPbBr3 NCs at
different growth stages.

Figure 3.4

(a) Schematic of the morphology change of CsPbI3 NCs along with increasing
solvothermal reaction time. (b) TEM image of 1-D CsPbI3 NRs obtained in a threeneck round-bottom flask under atmospheric pressure. TEM images of CsPbCl3 NCs
obtained after (c) 1.0 h (stage I), (d) 1.5 h (Stage II), and (e) 2 h (Stage III) grown
in a Teflon-lined autoclave at 160 °C.

Figure 3.5

TEM images of (a) 1-D CsPbBr1.5I1.5 NRs, and 2-D CsPbBr1.5I1.5 NCs obtained
after (b) 1.0 h, (c) 1.5 h, and (d) 2.5 h of growth in a Teflon-lined autoclave at 160
°C. (e) XRD patterns of 1-D CsPbBr1.5I1.5 NRs obtained by a hot-injection method
at 100 °C and 2-D CsPbBr1.5I1.5 NCs obtained after 1.0 h (Stage I), 1.5 h (Stage II),
and 2.5 h (Stage III) growth in a Teflon-lined autoclave at 160 °C. Note: the
diffraction peaks of cubic CsPbBr1.5I1.5NCs should locate between the standard
diffraction peaks of cubic CsPbI3 and CsPbBr3.11, 14 (f) XRD intensity ratio ((200)
to (110) peaks) of 1-D NRs and 2-D CsPbBr1.5I1.5 NCs at different growth stages.

Figure S3.1

Large area TEM images of 2-D NPLs obtained in Stage I for (a) the CsPbCl3 and
(b) the CsPbBr3 NPLs.

Figure S3.2

TEM images of 2-D NPLs obtained in Stage I for (a) the CsPbCl3 NPLs and (b) the
CsPbBr3 NPLs obtained under weak electron beam irradiation with short beam
exposure time (with the risk of imperfect focus of the beam).

Figure S3.3

UV-Vis (blue line) and PL (red line) spectra (a) and TEM image (b) of CsPbCl3
samples obtained after 5 h growth under solvothermal condition at 160 °C,
containing damaged NSs without well-defined morphology and lateral size.

Figure S3.4

UV-Vis (blue line) and PL (red line) spectra (a) and TEM image (b) of CsPbBr3
samples obtained after 8 h growth under solvothermal conditions at 160 °C,
XI

showing damaged NSs without well-defined morphology and lateral size, even
though a single absorption and emission peak (centered ∼523 nm) can be
maintained.
Figure S3.5

PL QY and (b) PL lifetime of 2-D CsPbCl3 NCs under different stages; (c) The
comparison of average PL lifetime in 2-D CsPbCl3 NCs under different stages.

Figure S3.6

UV-Vis (dotted line) and PL (solid line) spectra (a) and XRD patterns (c) of 1-D
CsPbBr3 NRs obtained by a hot-injection method at 100 °C and 2-D CsPbBr3 NCs
obtained with different solvothermal treatment times (Stage I: 3.0 h; Stage II: 4.0
h; Stage III: 5.0 h) at 160 °C; (b) PL fwhm and (d) the XRD intensity ratio ((200)
to (110) peaks) of 1-D CsPbBr3 NRs and 2-D CsPbBr3 NCs at different growth
stages.

Figure S3.7

(a) PL QY and (b) PL lifetime of 2-D CsPbBr3 NCs under different stages; (c) The
comparison of average PL lifetime in 2-D CsPbBr3 NCs under different stages.

Figure S3.8

UV-Vis (a) and PL (b) spectra of CsPbCl3 NCs grew with extended time in a threeneck round-bottom flask under atmospheric pressure; (c) TEM image of CsPbCl3
NCs obtained after 40 min in three-neck round-bottom flask under atmospheric
pressure.

Figure S3.9

UV-Vis (a) and PL (b) spectra of CsPbBr3 NCs grown with extended time in a
three-neck round-bottom flask under atmospheric pressure; (c) TEM image of
CsPbBr3 samples obtained after 100 min in three-neck round-bottom flask under
atmospheric pressure.

Figure S3.10 UV-Vis (dotted line) and PL (solid line) spectra of 1-D CsPbI3 NRs obtained after
injection of Cs(oleate) in a three-neck round-bottom flask at 80 °C, and CsPbI3 NCs
obtained with different solvothermal treatment time at 160 °C (∼1 h for stage I,
~1.5 h for stage II, and ~2 h for stage III).
Figure S3.11 UV-Vis (blue line) and PL (red line) spectra (a) and TEM image (b) of CsPbI3
obtained more than 2 h growth under solvothermal condition at 160 °C.
Figure S3.12 (a) PL QY and (b) PL lifetime of CsPbl3 NCs under different stage; (c) The
comparison of average PL lifetime in CsPbI3 NCs under different stages.
Figure S3.13 UV-Vis (a) and PL (b) spectra of CsPbI3 NCs grown with extended time in a threeneck round-bottom flask under atmospheric pressure; (c) TEM image of CsPbI3
NRs obtained after 30 min in a three-neck round-bottom flask under atmospheric
pressure.
XII

Figure S3.14 Optical images of the fresh CsPbI3 NCs in toluene (left), 2 days (middle) and 6 days
(right) after synthesis under ambient conditions.
Figure S3.15 UV-Vis (dotted line) and PL (solid line) spectra of 1-D CsPbBr1.5I1.5 NRs obtained
by a hot-injection method at 100 °C, and 2-D CsPbBr1.5I1.5 obtained after 1.0 h
(Stage I), 1.5 h (Stage II) and 2.5 h (Stage III) growth in a Teflon-lined autoclave
at 160 °C.
Figure S3.16 (a) PL QY and (b) PL lifetime of CsPbBr1.5l1.5 NCs under different stage; (c) The
comparison of average PL lifetime in CsPbBr1.5l1.5 NCs under different stages.
Figure 3.6

A schematic representation displaying the transition from the premade precursor
solution to the LARP reaction and post-synthetic solvothermal treatment.
Representative TEM images of the CsPbBr3 untreated NRs (yellow), as well as
solvothermal treated NRs (teal), NPLs (blue), and NSs (green) at 0.5 h, 2.5 h, and
4 h of solvothermal treatment at 160 °C, respectively, are presented to further
represent the resulting NC morphology.

Figure 3.7

Optical and absorption spectra of 1D and 2D CsPbBr3 NCs showing a clear
transition from NRs to NPLs and NSs. (a) Simplified optical spectra showing the
key transitions from NRs (untreated) to NPLs (2 h) with clear distinction toward
the slow formation of NSs, with the eventual replacement of all NPLs to NSs at 8h.
(b) Summarized FWHM data for both the peaks arising around 465 and 521 nm.
(c) Representative peak intensity ratio data between the 465 nm and 521 nm peak.
(d) Full spectral data displaying the slow transition from 1D to 2D NCs over an 8
h period. (e) Peak position data in nm for the 465 and 521 nm peaks showing no
statistically relevant shift once NPLs and NSs formed. (f) Summarized PL QY data
for the entire 1D to 2D NC transition.

Figure 3.8

Fitted photoluminescent lifetime spectroscopic data for CsPbBr3 (a) NRs, NPLs,
and (b) NSs. The insets show averaged lifetime from a set of 5 data points each
with representative error determined by standard deviation.

Figure 3.9

Thermal gravitational analysis data for CsPbBr3 NR, NPL, and NS samples
spanning from 0 h to 8 h of solvothermal treatment. (a) Broad thermal decay profile
of decreasing mass percent with respect to temperature over a temperature range of
20 to 900 °C, with the respective mass loss per select temperature range with respect
to solvothermal treatment time being displayed in (b). (c) Narrowed thermal decay
profile to focus on the 250 to 500 °C temperature range relative to the loss of surface
bound ligands, with the respective mass loss profile for the 250 to 500°C
temperature range with respect to solvothermal treatment time displayed in (d).
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Figure 4.1

(a) Schematic of the formation of Mn-doped 2D CsPbCl3 perovskite NPLs via a
hot-injection method followed by solvothermal growth for heavily Mn-doped
larger CsPbCl3 NPLs and CsMnCl3 inclusion after phase segregation. (b) TEM
images of 2D Mn:CsPbCl3 perovskite NPLs synthesized in three-neck roundbottom flasks under atmospheric pressure. TEM images of larger 2D
Mn:CsPbCl3 perovskite NPLs grown in Teflon-lined autoclaves after solvothermal
treatment of (c) 3 and (d) 5 h.

Figure 4.2

(a) XRD patterns of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol % to
Pb) and (b) a magnified view of the XRD peak around 30°∼36° with different
solvothermal treatment time. (c) Shift of the (200) XRD peak and dopant
concentration as a function of solvothermal treatment time. (d) XRD intensity ratio
of ICsPbCl3_Cubic (200)/Itotal, ICsMnCl3_Cubic (200)/Itotal, and ICsMnCl3_Orth (122)/Itotal as a function
of solvothermal treatment time.

Figure 4.3

(a) XANES and (b) FT-EXAFS for the 2D Mn:CsPbCl3 NPLs as a function of
solvothermal treatment time. The inset in (a) is an explanded region of the XANES
spectra with the circles designating isosbestic points.

Figure 4.4

Room temperature X-band EPR spectra of 2D Mn:CsPbCl3 NPLs with different
solvothermal treatment times.

Figure 4.5

Optical properties of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol % to
Pb) under different solvothermal treatment time. (a) UV–vis absorption (dotted
line) and PL spectra (solid line, with excitation at 350 nm) of 2D
Mn:CsPbCl3 NPLs. (b) Optical image of 2D Mn:CsPbCl3 NPLs dispersed in
toluene under UV (excitation at 365 nm) irradiation. (c) Intensity ratio of Mn
emission to excitonic emission, (d) PL fwhm of Mn emission, and (e) peak center
of lowest energy absorption peak (λAbs), host excitonic emission (λex PL), and Mn
emission (λMn PL) as a function of the solvothermal treatment time.

Figure 4.6

PL decays of (a) host exciton and (b) Mn2+ emission in 2D Mn:CsPbCl3 NPLs as a
fucntion of solvothermal treatment time (proportional to Mn concentration). (c) The
host excitonic PL relaxation time (inset: energy transfer time) and (d) Mn emission
relaxation time of 2D Mn:CsPbCl3 NPLs as a function of solvothermal treatment
time. The excitonic lifetime fits were deconvolved by the instrumental response
function (IRF).

Figure 4.7

Comparison of optical properties of 2D Mn:CsPbCl3 NPLs (using 80% Mn as
precursor, mol % to Pb) under different solvothermal temperatures (160, 180, and
200 °C). (a, b) UV–vis absorption (dotted line) and PL spectra (solid line, with
excitation at 350 nm) of 2D Mn:CsPbCl3 NPLs obtained at 160 and 180 °C,
respectively. (c) Intensity ratio of Mn emission to excitonic emission, (d) Mn
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doping concentration incorporated in NPLs, and (e) peak center of Mn emission as
a function of solvothermal reaction time.
Figure 4.8

Phase diagram of Mn:CsPbCl3 NPLs under solvothermal conditions.

Figure S4.1

TEM images of 2-D Mn:CsPbCl3 perovskite NPLs (using 80% Mn as precursor,
mol% to Pb) grown in Teflon-lined autoclaves after solvothermal treatment times
of (a) 2 h, (b) 3 h, (c) 4 h and (d) 5h.

Figure S4.2

(a) UV-vis absorption (dotted line) and PL spectra (solid line, with excitation at 350
nm) of CsMnCl3 NCs and (b) XRD patterns of CsMnCl3 NCs with different
solvothermal treatment times at 200 ˚C; (c) TEM images of CsMnCl3 NCs
synthesized in three-neck round-bottom flasks under atmospheric pressure; (d)
TEM images of CsMnCl3 NCs grown in Teflon-lined autoclaves after 5 h
solvothermal treatment.

Figure S4.3

Room temperature X-band EPR spectra of CsMnCl3 NCs with different
solvothermal treatment times.

Figure S4.4

Comparison of PL QY of Mn2+ emission (PL QYMn) in 2-D Mn:CsPbCl3 NPLs
(using 80% Mn as precursor, mol% to Pb) under different solvothermal treatment
temperatures (160 ˚C, 180 ˚C and 200 ˚C).

Figure S4.5

TEM images of 2-D Mn:CsPbCl3 perovskite NPLs (using 80% Mn as precursor,
mol% to Pb) grown in Teflon-lined autoclaves after solvothermal treatment times
of (a) 2 h at 160 ˚C, (b) 5 h at 160 ˚C, (c) 2 h at 180 ˚C, (d) 5 h at 180 ˚C.

Figure S4.6

Peak position of lowest energy absorption peak (λAbs), host excitonic emission (λex
PL) and Mn emission (λMn PL) in 2-D Mn:CsPbCl3 perovskite NPLs (using 80%
Mn as precursor, mol% to Pb) under solvothermal treatment at 160 ˚C.

Figure S4.7

PL decays of (a) host exciton and (b) Mn2+ emission in 2-D Mn:CsPbCl3 NPLs
(using 80% Mn as precursor, mol% to Pb) under 160 ˚C solvothermal treatment;
(c) The host excitonic PL relaxation time (inset: energy transfer time) and (d) Mn
emission relaxation time of 2-D Mn:CsPbCl3 NPLs as a function of solvothermal
treatment time.

Figure S4.8

(a) XRD patterns of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to
Pb) under 160 ˚C solvothermal treatment; (b) A magnified view of the XRD peak
around 30° ∼ 36° under different solvothermal treatment time; (c) the shift of the
(200) XRD peak toward higher 2θ as a result of progressive lattice contraction, due
to substitutional replacement of Pb2+ ions with isovalent yet smaller Mn2+ ions; (d)
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the XRD intensity ratio of ICsPbCl3_Cubic (200)/Itotal, ICsMnCl3_Cubic (200)/Itotal and
ICsMnCl3_Orth (122)/Itotal as a function of solvothermal treatment time; (e) Room
temperature X-band EPR spectra of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as
precursor, mol% to Pb) under 160 ˚C solvothermal treatment.
Figure S4.9

PL decays of (a) host exciton and (b) Mn2+ emission in 2-D Mn:CsPbCl3 NPLs
(using 80% Mn as precursor, mol% to Pb) under 180 ˚C solvothermal treatment;
(c) The host excitonic PL relaxation time (inset: energy transfer time) and (d) Mn
emission relaxation time of 2-D Mn:CsPbCl3 NPLs as a function of solvothermal
treatment time. The excitonic lifetime fits were de-convolved by the IRF.

Figure S4.10 (a) XRD patterns of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to
Pb) under 180 ˚C solvothermal treatment; (b) A magnified view of the XRD peak
around 30° ∼ 36° under different solvothermal treatment time; (c) the shift of the
(200) XRD peak toward higher 2θ as a result of progressive lattice contraction due
to substitutional replacement of Pb2+ ions with isovalent yet smaller Mn2+ ions; (d)
the XRD intensity ratio of ICsPbCl3_Cubic (200)/Itotal, ICsMnCl3_Cubic (200)/Itotal and
ICsMnCl3_Orth (122)/Itotal as a function of solvothermal treatment time; (e) Room
temperature X-band EPR spectra of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as
precursor, mol% to Pb) under 180 ˚C solvothermal treatment.
Figure 5.1

Undoped CsPbX3 (X = Cl, Br, and mixture thereof) NPLs varying in [Br] from 0%
to 100%. Representative TEM images scaling respectively, from the top to bottom,
as (a) CsPbBr3, (b) CsPbCl2Br, and (c) CsPbCl3 NPLs, with the insets being
respective high-resolution TEM images showing d-spacing of the (110) lattice
plane. (d) Representative absorbance (dashed line) and PL data for [Br] = 0%, 33%,
50%, 67%, and 100%. (e – g) Averaged optical analysis values for (e) host PL peak
position and (f) host PL FWHM, and (g) total PL QY for each of the respective PL
emissions of varying [Br], generated from the analysis of 10 separate syntheses. (h)
Representative time-dependent PL spectra with the resulting average lifetime decay
(inset) for CsPbX3 NCs, where X = (Cl, Br and a mixture thereof). (i) Images of
CsPbX3 (X = Cl, Br, and mixture thereof) NPLs in toluene solution under ambient
light (top) and 365 nm UV light irradiation (bottom).

Figure 5.2

Manganese concentration dependent optical properties of doped CsPbCl3 NPLs
from 0% to 1.3% [Mn]. (a) Absorption (dashed lines) and PL (solid lines) spectra
with corresponding spectral analysis by (b) Mn-to-host PL peak intensity ratio. (c)
Mn PL peak position, (d) host PL FWHM, and (e) total spectral PL QY. Time
dependent PL for (f) host PL and (g) Mn PL (inset: average PL lifetime Decay for
the given samples with respect to [Mn]). Error was calculated as the standard
deviation of a population of 10 repeated samples for each sample.
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Figure 5.3

(a) X-band EPR spectra for Mn-doped CsPbCl3 NPLs, (b) the representative 3rd
sextet hyperfine peak of Mn:CsPbCl3 NPL EPR spectra to display increasing
spectral linewidth with increasing [Mn], inset shows the EPR spectral linewidth.
(c) XRD for Mn-doped CsPbCl3 NPLs of varying [Mn] from 0% to 1.3%. (d)
Zoomed-in XRD patterns showing peak shifting of the (211) diffraction peak by
increasing the Mn-doping concentration.

Figure 5.4

TEM images of (a) CsPbBr3, (b) CsPbCl2Br, and (c) CsPbCl3 NPLs, (d) XRD of
Mn-doped and undoped CsPbX3 (X = Cl, Br, and mixture thereof) NPLs, (e)
Zoomed-in XRD patterns showing peak shifting of the (211) diffraction peak by
Mn dopant incorporation, and (f) EPR spectra for CsPbX3 NPLs of varying [Br]
ranging from 0% to 100% halide composition.

Figure 5.5

(a) Optical spectra comparison between undoped (dashed line) and Mn-doped
(solid line) CsPbX3 (X = Cl, Br, and mixture thereof) NPLs. (b) schematic
representation of the host and Mn band-alignment with dopant incorporation for
Mn:CsPbBr3 (top), Mn:CsPbCl1.5Br1.5 (middle), and Mn:CsPbCl3 (bottom). (c-e)
Spectral analysis data for (c) host PL peak position, (d) Mn-to-host PL intensity
ratio, and (e) total PL QY. Lifetime decay of the (f) host PL and (g) Mn PL of Mndoped NPLs, with respect to [Br]. The inset in (f) presents a comparison of the
average host PL lifetime between the undoped and Mn-doped NPLs, whereas the
inset in (g) represents the average Mn PL lifetime.

Figure S5.1

Long ligand compositional study of varying total volumetric concentrations from
50 to 250 µL with each volumetric concentration varying in long ligand
composition form 0% OAm to 100% OAm. (a – e) Absorbance (dashed line) and
photoluminescence (solid line) spectra of CsPbBr3 NCs with respect to long ligand
volumetric concentration from (a) 50 µL to (e) 250 µL with respect to long ligand
composition of varying OA to OAm composition from 0% OAm (bottom, black)
to 100% (top, red). (f – j) Time-dependent PL spectra for the varying ligand
volumes and [OAm] where (f) represents the 50 µL sample and (j) represents the
250 µL sample. Insets show the average PL lifetime decay for the given samples.
(k – m) Optical analysis of the given spectra for (k) host PL peak position, (l) host
PL FWHM, and (m) total spectral PL QY, all with respect to [OAm].

Figure S5.2

Long ligand compositional study based on volumetric concentration of oleic acid
and oleylamine ligands at a 80% to 20% volumetric ratio from a total of 50 µL to
250 µL ligands, respectively for the synthesis of CsPbBr3 NCs. TEM images (a –
e) of the resulting NCs at increasing volumetric concentrations from (a) 50 µL to
(e) 250 µL. Size characterization of the NCs in the given TEM images where (f)
through (j) represent lengthwise measurements of the nanocube crystals and (k)
through (o) represent the measured particle surface area based on the NC lateral
dimensions.
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Figure S5.3

Short ligand compositional study at a consistent 80% oleic acid to 20% oleylamine
long ligand composition where the ratio between short ligands (v:v) was tested at
the desired 10 – 20% short ligand concentration range with respect to [OctAc] form
0 – 100%. (a-c) Absorption (dashed line) and PL (solid line) spectra for (a) 10%,
(b) 15%, and (c) 20% [total short ligand]. (d-f) Time-dependent PL spectroscopy
was obtained for (d) 10%, (e) 15%, and (f) 20% [total short ligand] with respect to
[OctAc]. The average calculated lifetime decay for these samples is displayed in
inset. Represents the optical analysis of these spectra for (f) PL peak position, (g)
PL FWHM, and (h) PL QY, where ligand concentrations (10%, 15%, 20%) were
compared.

Figure S5.4

AFM image comparison for CsPbBr3 QNPLs, synthesized using the optimized long
ligand concentration and composition of 80% OA to 20% OAm at 150 µL total
volumetric concentration and 2D CsPbBr3 NPLs, synthesized using the standard
62% OA, 16% OAm, 15% OctAc, and 5% OctAm mixture of long and short ligands
at 150 µL total volumetric concentration. (a, d) 3D tapping phase topographical
image of CsPbBr3 (a) QNPLs and (d) NPLs. (b, d) 2D tapping phase topographical
image of CsPbBr3 (b) QNPLs and (e) NPLs. (c, f) Cross-sectional height analysis
of a representative particles for CsPbBr3 (c) QNPLs and (f) NPLs.

Figure S5.5

Injection time and solvent dependent Absorption (dashed line) and PL (solid line)
of (a) CsPbBr3 and (b) CsPbCl3 NCs from 0 sec to up to 180 sec (c) PL peak
position and (d) PL FWHM of samples made using the optimized long-ligand only
system.

Figure S5.6

Injection time dependent TEM images of (a – c) CsPbCl3 NPLs, where the Cs-Pb
NC precursor injections into toluene were performed (a) rapidly, (b) over 30 s, and
(c) over 60 s injection times.

Figure S5.7

Mn concentration dependent optical properties of doped CsPbCl3 NPLs from 0%
to 400% [Mn] in synthesis. (a) Absorption (dashed lines) and PL (solid lines)
spectra with corresponding (b – d) spectral analysis by (b) Mn PL peak position,
(c) Mn-to-host PL peak intensity ratio, and (d) total spectral PL QY. Time
dependent PL for (e) Host PL and (f) Mn PL (inset: average PL lifetime Decay for
the given samples with respect to [Mn]). (g – h) Images of 2D Mn:CsPbCl3 NPLs
in toluene solution under (g) visible light and (h) 365 nm UV-light irradiation.
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Chapter 1: Introduction
Nanocrystals (NCs) are extremely small crystalline materials, consisting of a highly ordered
continuous structure whose dimensions are limited within 100 nm (10-9 m) unidirectionally.16, 17
In comparison, the double helix of DNA is ~2.5 nm in diameter while the width of a human hair
is ~80,000-100,000 nm.18-20 As with DNA, bacteria, and many other materials known today, that
are not readily visible with just the human eye, NCs have existed for much longer than we have
been able to detect, however, their presence has been noticed indirectly through their effects on
ancient materials. In fact, gold, silver, and copper NCs have been contributing brilliant colors,
luster, and unexplainable (at the time) dichromatic color shifts to glass, pottery, and ceramics since
the 4th century, while carbon nanotubes and 1D carbon nanorods (NRs) have been providing
additional tensile strength and resilience to Damascus steel weapons since the 13th century.21-23
For example, colloidally dispersed Ag and Au NCs have been found in stained glass commonly
used in medieval churches. The Au NCs typically measured around 25 nm and the Ag were around
100 nm spherical NCs, producing brilliant red and yellow pigments, respectively. Ancient artisans
unknowingly produced these NCs by dispersing small quantities of Ag and Au into the glass during
creation and could have produced an array of different colors had they known ways to control NC
size as we do today.1
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Figure 1.1. (a) Representative images of medieval stained glass art from the Stained Glass
Museum of Britain, with accompanying transmission electron microscopy images of (b) 25 nm
Au and (c) 100 nm Ag NCs.1
Given their size, NCs themselves could not be identified until the introduction of the field
emission microscope in 1936, which finally enabled materials of near-atomic resolution to be
imaged. Imaging techniques have only improved since, resulting in scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), which are primarily used to image
micrometer and nanometer sized particles, respectively.24-26 Further improvements through
SEM/TEM and X-ray diffraction collaborative techniques have since enabled scientists to not only
image NCs but to compositionally “map” ion locations in individual NCs through scanning
transition electron microscopy (STEM) paired with energy dispersive X-ray spectroscopy (EDS)
diffraction. 26-28 STEM can also be paired with electron energy loss spectroscopy (EELS) in a soft
X-ray method commonly referred to as scanning transmission X-ray microscopy (STXM).29 Since
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their discovery, the study of NCs, nanomaterials, and there resulting properties and applications in
nanotechnology have become some of the most heavily studied scientific fields for applications
ranging from physical engineering to optoelectronic, and even in nanomedicine.30-33

Figure 1.2. (a) SEM image of Tin spheres ranging in size from a few nanometers to a few
micrometers,2 (b) TEM image of CsPbBr3 NCs, averaging ~15 nm lengthwise, (c) STEM image
of Pt shell Pd NC of ~6.5 nm diameter with the respective (d) EDS elemental mapping that shows
the same NC based on composition, where Pd and Pt are red and green, respectively.3 [Repurposed
with permission from RSC Publishing © 2014]
2

[Reprinted from Characterization of Nanoparticles, 1, András E.Vladár, Vasile-Dan Hodoroaba, Characterization of nanoparticles
by scanning electron microscopy, 7-27, Copyright (2020), with permission from Elsevier.]

1.1 Semiconductor Nanocrystals
Of the nanomaterials currently under investigation, semiconductor NCs have been some of the
most extensively studied for applications in green energy harvesting, energy conversion, biological
research, and photoredox applications, leading to the development of a wide array of high quality
NCs with varying morphology and composition.34-42 Semiconductor NCs have been actively
studied since the early 1980’s, when two independent groups, from Russia and the US, were
studying semiconductors-doped glass and semiconductor colloidal dispersions, respectively.43 In
both cases, NC growth was caused by a diffusion controlled microscopic precipitation method,
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which enabled NC size control, one of the most, if not the most, fundamental characteristics of
nanomaterials.43

1.1.1 The Quantum Confinement
Semiconductor NCs present an array of interesting optical and electronic properties,
including tunable light emission and energy transfer dynamics, that change drastically based on
NC size and composition. Size dependence stems from the NCs increasing surface-to-volume ratio
and the quantum confinement effect, in which, as the size of a material decreases from bulk to the
nanometer range, where the resulting NCs approach the size of the Bohr exciton radius, effectively
causing a physical pressure applied to the electron-hole pair wavefunctions. For example, the Bohr
exciton radius of CdS is 5.8 nm as determined by Zamkov, et al.44 Quantum confinement can be
calculated according to the Brus equation,45

𝐸𝑔 = 𝐸𝑏𝑢𝑙𝑘 +
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(1.1)

Where Eg(qd) is the band gap energy, Ebulk is the band gap energy of the bulk semiconductor, R is
the radius of the NC, me* is the effective mass of the excited electron, mh* is the effective mass of
the excited hole and h is Planck’s constant.45 The decrease in size, therefore, results in a broadening
of the energy levels that make up the valence and conduction bands of a semiconductor electronic
band structure, both breaking down the traditional bulk bands into more discrete energy levels and
increasing the energy level separation between the conduction and valence bands. Therefore, the
more a NC is confined, the greater the separation in band energy becomes, and the higher energy
photons NCs will absorb and emit.46-48
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1.1.2 Optical Activity
Optical activity occurs in semiconductor materials that can convert absorbed energy,
commonly light photons, into their own luminescent response, called photoluminescence (PL).
The energy absorbed in semiconductor nanocrystals often results in the production of light through
an emission pathway, which bridge the electron excited from the valence band with the positively
charged hole it left in its place. The energy of the emitted light photon is normally of similar or
equal energy to that of the absorbed photon, this is because the energy required to bridge the gap
between the valence and conduction band of a semiconductor nanocrystal is the same as the energy
required to return that excited electron to the created hole formed in the valence band.4, 47
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Figure 1.3. Schematic of band gap energy separation with respect to NC size and a representative
image of the respective NC solutions under UV light irradiation.4 [Repurposed with permission
from RCS publishing © 2016]
There are cases when this energy would not be equal, as higher energy can be absorbed
that is then released through thermal or vibrational relaxion until the lowest conduction band is
reached for the emission to occur. In a perfect world, this is to be expected in which the energy
absorbed should be equal to the energy emitted, barring thermal and vibrational relaxation.47 This
would result in a 100% PL response to equal to the absorbed energy, known as PL quantum yield
(QY). In a less perfect world, like the one we live in, multiple factors decrease the overall yield of
our particles, including self-absorption and energy lost to surface defect states. In materials where
the absorption band edge aligns closely with the emission peak position, causing an overlap
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between the two spectra, reabsorption of emitted light can occur by the same material that emitted
it, this is called self-absorption. Meanwhile, defects are caused by improper NC formation and
primarily occur at the NC surface. These defects essentially steal emitted energy by acting as
blockades for the emitted photons, causing an overall decrease in light emission.47, 49
These issues have been studied for the past few decades with a few notable solutions
becoming prominent. Self-absorption can be avoided by creating PL pathways of lower energy
than the original NC band structure, causing a redistribution of the absorbed energy away from the
original NC PL response. While helpful, this is a difficult task that requires the careful
incorporation of foreign materials.50-53 Additionally, the effects of surface defects can be avoided
by further surface passivation, either by high concentrations of surface ligand or by shelling the
nanocrystal with a material of similar crystal structure to form core/shell nanocrystal composites.5456

1.1.3 Size- and shape-dependent properties
As previously stated, the quantum confinement of materials increases as the size of the
material decreases toward the Bohr exciton radius of said material. This implicitly implies that
variances in size on a nanometer scale affects the overall properties of the resulting material by
changing the energy separation between the band edge valence and conduction bands. Therefore,
smaller NCs will emit higher energy photons as higher energy photon absorption is required to
excite the electron from the conduction to the valence band, while larger NCs will emit photons of
lesser energy toward red or infrared light.46-48 It should be noted that larger NCs or compositionally
versatile NCs with smaller bandgaps are actually highly sought after for photovoltaics as they
absorb over nearly the entire UV-visible range, making exceptional use of the majority of the Sun’s
radiant energy.57-59
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It is also implied by the quantum confinement effect that the overall morphology or shape
of the resulting nanomaterial can have an effect on the resulting NC properties as only one
dimension of any given material must approach the Bohr exciton radius for quantum confinement
to occurs. Therefore, a divergence away from traditionally spherical NCs has occurred in recent
years, with a growing focus on NC morphological control. Morphological control has led to an
array of interesting quantum confined particles, including, 0D quantum dots (QDs) or Nanocubes,
1D nanorods (NRs) or Nanowires (NWs), and 2D Nanoplatelets (NPLs) and Nanosheets (NSs). 58

Previously, 0D particles were primarily studied as their syntheses were the first discovered and

facile enough for fundamental investigations, however, 1D and 2D NCs have been garnering more
interest and resources recently due to their narrow PL emissions leading to high color purity and
their large surface-to-volume ratios which is advantageous for device integration.15, 60
1D and 2D NCs only present two and one dimensions of quantum confinement,
respectively, as opposed to the three dimensions presented by 0D NCs. This causes variances in
the charge carrier behavior within these materials, with high in plane charge transport and narrow
emission bands resulting. Charge transport increases as charge resistance within the NC plane is
extremely small, making charge transport over the span of a single NC extremely efficient, while
these anisotropic NC can span micrometers in length.15, 60, 61 Meanwhile, the formation mechanism
behind anisotropic NCs forces annealed growth in either tow or one dimensions depending on the
desired morphology.61 This method produces nearly monodisperse NCs within their quantum
confined dimensions, while variances in the unconfined regions have little effect on the resulting
optical properties of the material. With increased monodispersity, the extremely narrow emission
bands are obtained, leading to anisotropic emissions with possible applications in lasing and as
optical filters.61
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Figure 1.4. TEM images of 0D (a) CdS QDs5 and (b) CsPbBr3 nanocubes,6 1D (c) CsPbBr3
NRs7 and ZnSe NWs,8 and 2D (e) CsPbBr3 NPLs and (f) NSs.7
5[Reprinted

(adapted) with permission from {Hofman, E.; Khammang, A.; Wright, J. T.; Li, Z. J.; McLaughlin, P. F.; Davis, A.
H.; Franck, J. M.; Chakraborty, A.; Meulenberg, R. W.; Zheng, W., Decoupling and Coupling of the Host-Dopant Interaction by
Manipulating Dopant Movement in Core/Shell Quantum Dots. J. Phys. Chem. Lett 2020, 11 (15), 5992-5999.}. Copyright
{2020} American Chemical Society].
6[Adapted

with permission from [Li, Z.-J.; Hofman, E.; Li, J.; Davis, A. H.; Tung, C.-H.; Wu, L.-Z.; Zheng, W.,
Photoelectrochemically Active and Environmentally Stable CsPbBr3/TiO2 Core/Shell Nanocrystals. Adv. Funct. Mater. 2018, 28
(1), 1704288.] Copyright (2017) John Wiley and Sons Publishing].
7[Reprinted

(adapted) with permission from {Li, Z.-J.; Hofman, E.; Davis, A. H.; Maye, M. M.; Zheng, W., General Strategy for
the Growth of CsPbX3 (X = Cl, Br, I) Perovskite Nanosheets from the Assembly of Nanorods. Chem. Mater 2018, 30 (11), 38543860.}. Copyright {2018} American Chemical Society].
8[Reprinted

(adapted) with permission from {Li, Z. J.; Hofman, E.; Blaker, A.; Davis, A. H.; Dzikovski, B.; Ma, D. K.; Zheng,
W., Interface Engineering of Mn-Doped ZnSe-Based Core/Shell Nanowires for Tunable Host-Dopant Coupling. ACS Nano 2017,
11 (12), 12591-12600.}. Copyright {2017} American Chemical Society].

1.2 2D Semiconductor Nanocrystals
To date, size and composition control has led to an array of semiconductor II-VI group, perovskite,
metal dichalcogenide, etc. NCs of varying composition, morphology, and size that present
impressive composition dependent properties, like varying PL QY, PL peak position, PL
distribution, electron transport, etc. Methods to improve these key optical characteristics have
Page |-9-

therefore been of keen interest, primarily focusing on the reduction of self-absorption and the
removal of surface defects through dopant incorporation and shell passivation, respectively.
However, more recently developments have led to the use of morphological control to induce
interesting optoelectronic properties.61-63
Of the nanomaterial morphologies presented in section 1.1.3, 2D NCs are of interest as it
is theoretically possible to synthesize a single extremely thin 2D NS with lateral dimensions fit to
the size of a layered optoelectronic device. This approach is beneficial as 2D NCs have extremely
high in plane charge transport, as they theoretically lack interstitial charge transport barriers.
Concurrently, 2D NCs offer improve bandgap tuneability by thickness control, in which the
thickness of the NCs, as the most quantum confined dimension, directly corresponds to the NC
bandgap energy separation and therefore the NCs emission peak position.61-63 Direct thickness
control consequently can be used for to introduce increasing spectral blue-shifts down to one
monolayer NC thicknesses, exceeding those possible by 0D and 1D structures. 2D structures also
offer impressively thin spectral area, measured according to the full-width at half maximum
(FWHM) of the resulting optical spectra, which is produced as an averaging of NC PL according
to the thickness distribution between individual NCs. Meaning that variance in thickness between
particles produce a larger FWHM. Meanwhile, 2D NCs readily produce FWHM down to ~5-7 nm,
in comparison to ~20 nm for semiconductor QDs.15, 61-63

1.2.1 Synthetic Methodology of 2D NCs
The reason behind the monodisperse thickness of 2D NCs has been explained by the
commonly held theoretical production mechanism for these NCs, in which 2D NCs are speculated
to form by a rapid reprecipitation approach in rapidly forming micelles (or reverse micelles in
some cases) in colloidal methods. This rapid NC formation produces monodisperse anisotropic
P a g e | - 10 -

NCs by kinetic mechanism according to the interactions of ions and ligands with the interfacial
layer between the micelle and the solvent, where the NC surface growth facets along their lateral
(length/width) dimensions must be quickly quenched, leaving only lateral dimensions for
continued growth. Continued growth would be controlled by a more thermodynamic mechanism,
causing slower less consistent growth and therefore result in some dispersity between the lateral
dimensions of 2D NCs. For example, Manna et al.64 developed a hot-injection method for
thickness controlled CsPbBr3 NPLs by quickly injecting a PbBr2 precursor, dissolved in N,Ndimethylformamide, into a mixture of Cs-oleate, 1-octadecene (ODE), ligands, and HBr, quenched
by acetone introduction. NC thickness was controlled by the amount of concentrated HBr
introduced into solution, with increasing quantities resulting in thinner NPLs. This occurs because
acid protonates amine ligands in solution, effectively slowing the NCs growth, unidirectionally,
by competing with Cs+ for surface binding sites.64-66
To date, the formation of 2D nanomaterials is still considered difficult as their increased
reactive surface area often lead to decreased thermal and chemical stability.47 Of the semiconductor
NCs developed to date, it seems that shape control toward anisotropic 2D II-VI NCs is relatively
difficult as significantly fewer 2D NC synthetic methods have been demonstrated in recent
years.67-69 Meanwhile, the development of 2D perovskite NCs is well underway, providing several
methods for the controlled synthesis of these materials.65, 70-82 The disparity between the quantity
of 2D NCs published between II-VI and perovskite NCs may be due to the ever-rising interest
nanomaterial researchers seem to have in perovskite, however, it is more likely that the disparity
is due to limited synthetic options in II-VI group semiconductors.
Typically, II-VI group NCs are synthesized through either hot-injection or heat-up methods
in which a reactive precursor in either injected at high temperature, causing NC formation or a
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thermal energy barrier must be reacted to cause the formation of NCs from the components already
available in the NC solution.83 38, 84-86 There have been additional methods, such as microwave
syntheses and solvothermal direct synthetic methods utilized as well, but these methods are all
limited by the required high temperature for NC formation. On the other hand, there are three
primary methods developed for the synthesis of 2D AIP NCs including: the template mediated
method, direct synthetic method using ligands, pressure, temperature, and composition mediation,
and the assembly method involving the forced amalgamation of lower dimensional NCs for 2D
NC growth.15 These methods are largely versatile and of keen interest as each has led to the further
development of doped and/or alloyed 2D nanomaterials that can improve NC properties and
stability for future applications.

Scheme 1.1. Schematic illustrating the three general synthetic methods for the synthesis of 2D
perovskite NCs.15
Use of the template method offers compositional and morphological control using already
developed and proved syntheses, giving synthetic versatility through the manipulation of a model
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synthesis. The resulting NC is nearly forced to form in a specific shape based on the
area/dimensionality provided by the original “template” NC. This way, previously developed
syntheses for shape controlled NCs can be used to produce compositionally diverse NCs of similar
morphology. For example, a recent study by Zeng et al.87 utilized a 2D hybrid perovskite,
octadecylamine (ODA+) lead bromide (ODA2PbBr4), as a template for the synthesis of 2D CsPbBr3
through a facile cation exchange method. Cesium acetate precursor is introduced into a toluene
solution containing the previously synthesized 2D ODA2PbBr4 NSs, causing Cs+ to forcefully
replaced the ODA+ cation, forming 2D CsPbBr3 NCs. The template method provides excellent
synthetic control as it is typically based of proven synthetic procedures that can be systematically
varied prior to the forced cation exchange, however, more time, effort, and materials must be
utilized to first develop the template that will guide the desired NC formation. Therefore, direct
synthesis and growth methods are usually more desirable.87
Direct synthetic approaches are the most desirable as they provide a means of
straightforward synthetic mediation based on variances in the reaction conditions, while also being
the most cost effective. However, direct synthetic approaches are difficult to develop for
anisotropic NCs, requiring impressive composition, ligand, and temperature mediation for
successful syntheses. Luckily, more recent reports detail multiple mediation processes for NC
morphology control under direct synthetic approaches. For example, Xie et al.88 reported a heatup approach for CsPbX3 (X = Cl, Br, I, and mixtures thereof) NCs whose morphology could be
varied from 0D QDs to 2D NPLs and NSs by adjusting the reaction temperature, time, ligand
species, and halide precursors.88 2D CsPbCl3 NPLs were produced at 95 °C with oleylamine
(OAm) and oleic acid (OA) as the capping ligands, and 2D CsPbBr3 NPLs were synthesized at
slighted higher temperatures from 100 to 160 °C, while 0D and 1D CsPbI3 NCs were formed at
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95 – 110 °C. By replacing OAm with octylamine (OctAm) larger CsPbBr3 NSs were synthesized
rather than NPLs. Additionally, with the same CsPbBr3 reaction temperatures between 90 and 100
°C produced 0D NCs, while the NPLs and NSs formed at 110 °C.88 Zhang et al. furthered
elucidated the direct synthetic approach through a microwave assisted reaction method to
synthesize 0D QDs, 1D NRs, and 2D NPLs,89 a microwave tube containing reaction precursors
and ligands was heated for 5 min at 80 to 160 °C for NC formation. Temperature and precursor
dissolution controlled morphology, in which 160 °C produced QDs, 80 °C produced NPLs, and
NRs were formed by first dissolving the precursors in a flask at 60 °C and then treating the crude
sample in the microwave tube at a range of temperature from 80 – 160 °C.89 Meanwhile, Alivisatos
et al.90 showed that modifying the reaction temperature from 140 – 200 °C to 90 – 130 °C in a
previously reported hot-injection synthesis for CsPbBr3 QDs, established by Protesescu et al.11,
instead would preferably produce 2D NPLs instead of 0D NCs. Their work also reported the lateral
oriented attachment of CsPbBr3 NPLs to form CsPbBr3 NSs, showing that the high surface energy
and ligand interactions along the lateral dimensions of 2D NPLs could lead to NPL stacking.
Strong ligand-ligand interactions lead to vertically oriented column stacked formations, while
ligand destabilization, in dilute solutions, lead to lateral oriented attachment to form thicker and
laterally larger 2D NSs.90
Post-synthetic mediation has historically been used as a means of surface control, by ligand
exchange or shell passivation, however, it has recently offered an impressive medium for
morphology control based on ligand mediation, temperature, and reaction condition. This method
primarily focuses on the assembly of previously synthesized NCs to produce laterally larger NCs,
such as NRs or nanocubes laterally combining form 2D NCs.90, 91 Post-synthetic approaches face
the obvious issues of increased production cost and time due to the increased synthetic steps
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relative to traditional direct synthetic methods, however, similar methods have also been used to
great affect for the assembly of previously synthesized NCs, causing massive changes in
morphology and the NCs respective properties. It is, however, worth noting that prior to the work
produced in the Zheng lab, only 2D CsPbBr3 NCs had been directly synthesized through assembly
methods, while 2D CsPbCl3 and CsPbI3 NCs were generally obtained by anion exchange.92, 93 For
example, Zhong et al. reported a pre-dissolution assisted solvothermal reaction for the assembly
of 1D NRs at 140 °C to form laterally larger 2D CsPbBr3 NPLs using OAm and OA as passivating
ligands.94 However, only directly synthesized 2D CsPbBr3 NPLs and NSs, while 2D CsPbCl3 and
CsPbI3 were obtained by anion exchange. This is an obvious glaring limitation that needed to be
rectified, hence the importance of my work.

1.2.2 Composition Control of 2D Nanocrystals
Compositional tunability of semiconductor NCs is an adamant driving force towards the
production of highly functional nanomaterials. Over the past few decades, covalently bound III-V
group (GaN, GaAs, InP, BN, etc.) and II-VI group (CdS, ZnS, CdSe, ZnSe, etc.) NCs have been
the most prominently studied nanomaterials because of their relatively early discovery, interesting
optical properties, and high environmental stabilities.95-98 Covalent semiconductor NCs are
applicable in a wide array of electronic devices, such as light-emitting diodes, lasers, chemical
biosensors, solar cells, and photocatalysts.99 While robust, the synthetic versatility of these
materials is limited due to their strong covalent bonding requiring relatively high formation
energy.100-102 Additionally, large scale syntheses following the typical hot-injection or heat-up
approaches for these materials results in poor NC monodispersity. Applicability is further limited
due to environmental concerns, with the prominent use of harmful chemicals, such as those
containing Cd and Se, drawing the ire of environmental advocates.103-105
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More recently, ionically bound perovskite NCs, of general structure ABX3, where A is a
monovalent cation, B is a divalent cation, and X is a halide anion, have been the focus of intense
study, causing a deviation of a large portion of the nanomaterial community away from more
traditional II-VI and III-V semiconductor NCs. Perovskites generally break down into two distinct
subsections based on the A site ion, in which NCs containing large organic ions (such as
methylammonium (MA) or formamidinium (FA)) are called hybrid organic-inorganic perovskites
and NCs containing only inorganic ions (such as Cs+ and Rb+) are called all-inorganic
perovskites.106-110 Of these structures, all-inorganic lead halide perovskite NCs are the most readily
studied due to their improved thermal stabilities.106,

107

The recent passionate emphasis on

perovskite NCs is primary owed to their impressive optoelectronic properties and defect tolerance,
offering near unity PL QY without surface passivation, extremely high color tunability over nearly
the entire visible spectra, and synthetic ease.
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Figure 1.5. (a) PL emission peak position of II-VI group semiconductor NCs with respect to
energy in electron volts, wavelength in nm, color based on NC size.9 (b) digital image of CdSe/ZnS
shelled QDs of varying core size,10 (c) digital image of CsPbX3 (X = Cl, Br, I, and mixture thereof)
NC of varying halide composition, and (d) the respective CsPbX3 NC PL spectra.11
10

Reprinted by permission from [Mingyong Han et al.]: [Springer Nature] [Nature Biotechnology] [10] (Quantum-dot-tagged
microbeads for multiplexed optical coding of biomolecules, Han, M.; Gao, X.; Su, J. Z.; Nie, S.,), [COPYRIGHT] (2001)
11

Reprinted with permission from (Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H.; Yang,
R. X.; Walsh, A.; Kovalenko, M. V., Nanocrystals of Cesium Lead Halide Perovskites (CsPbX(3), X = Cl, Br, and I): Novel
Optoelectronic Materials Showing Bright Emission with Wide Color Gamut. Nano Lett 2015, 15 (6), 3692-6.)
(https://pubs.acs.org/doi/full/10.1021/nl5048779), further permission related to this material excerpted should be directed to the
ACS.

The ionic structure of perovskites makes synthetic manipulation extremely facile, with
several syntheses reporting quality NC production under ambient conditions at room temperature.
The high anion mobility offered by their ionic structure permits anion exchange through a simple
concentration gradient dependent exchange mechanism, where the halide composition of the
perovskite NCs can be reversibly changed between Cl, Br, and I.14, 15, 87, 111 In these structures, the
halide composition largely determines the NCs bandgap and phase stability, where shifts from Cl
rich to I rich perovskite NCs can span nearly the entire visible spectra and stability generally
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decreases as the bandgap contracts. This is because I- rich perovskites are unstable in their optically
active cubic structure and readily transition to their optically inactive orthorhombic.112-116 Just as
with more traditional NCs, perovskites struggle with real world applicability due to the high
toxicity of commonly used chemical, often containing both lead and cesium in high quantities.
These structures are further limited by their poor environmental stability due to their weak ionic
structure. However, their ionic structure does enable simplified synthetic approaches that can be
scaled toward industrial applications, and recent growing interest in lead-free perovskite
alternatives has boosted the possible perspectives of these materials.
Outside common compositional manipulation, doping in semiconductor nanomaterials has
become popular, traditionally with transition metal or rare-earth metal cations, due to the
impressive ability of dopant incorporation to tune the resulting properties of NCs.117-119 Depending
on the dopant identity and concentration incorporated, doping can improve optical and electronic
properties, increase NC structural integrity, and even introduce novel dilute magnetic properties.
The most common of these dopant ions is Mn2+, which can introduce a dopant PL separate from
the host PL, a strong dilute magnetic response due to the 5/2 spin state of high-spin Mn2+ and has
even been shown to improve NC resilience in metal halide perovskite NCs.120, 121 The Mn-dopant
PL typically is only present in wide-bandgap semiconductor nanocrystal as Mn d-d atomic orbital
transition, 4T1 to 6A1, has an ~2.1 eV separation that must be fully contained within the
semiconductor host for an observable Mn PL.121-123 Additionally, because the Mn d-d transition is
spin forbidden, the excited state relaxation is slowed to a millisecond scale (compared to the host
nanosecond scale) allowing further competition between the dopant PL pathway and defect states,
causing reduced or quenched dopant PL.121 Doping in II-VI group and perovskite NCs actually
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acts similarly for the most part, in which dopant ions can be incorporated during nucleation and
cause drastic changes in material properties.5, 8, 121, 124, 125

Figure 1.6. (a) Schematic showing band gap energy transfer to Mn2+ d-d state atomic orbitals, (b)
representative optical data for Mn:CdS/ZnS core/shell QDs with host and Mn PL varying based
on Mn migratory behavior,12 (c) schematic showing 5/2 spin state of Mn valence band, and (d) a
representative electron spin resonance spectrum of Mn2+ doped NCs.
12

Reprinted (adapted) with permission from {Hofman, E.; Robinson, R. J.; Li, Z. J.; Dzikovski,
B.; Zheng, W., Controlled Dopant Migration in CdS/ZnS Core/Shell Quantum Dots. J. Am. Chem.
Soc 2017, 139 (26), 8878-8885.}. Copyright {2017} American Chemical Society."
However, it should be noted that perovskites struggle with the incorporation of high concentrations
of dopant ions, requiring high dopant introduction concentrations into the reaction solution for
successful doping, because of the large size disparity between tradition metal dopants and the Pb2+
ion that commonly holds the B-site of the perovskite structure. Meanwhile, the disparity between
common II-VI metal cations like Cd or Zn is significantly less, leading to successful dopant
incorporation at relatively low dopant introduction concentrations into the reaction solution. For
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example, the Shannon ionic radii of Mn2+ is ~ 0.83 Å, while Pb2+ is ~1.19 Å and Cd2+ is 0.95 Å,
meaning that Mn2+ is significantly more likely to replace Cd2+ than Pb2+, given the opportunity.126
As previously stated, Mn incorporation has been shown to increase structural stability in
perovskite NCs, this effect can be estimated according to the Goldschmidt tolerance factor (t), with
a stability range of values from ~0.825 to 1.059 based on the equation:

𝑡 =

𝑟𝐴 +𝑟𝑥
√2(𝑟𝑏 +𝑟𝑥 )

(1.2)

where, rA, rB, and rx are the respective ionic radii of the ions in the ABX3 perovskite structure.108,
127-129

Theoretically, the closer t get to the mid-point around ~0.942, the more stable that structure

should be, as the probability of forming a stable perovskite structure drastically decreases toward
the minimum and maximum limits. For example, t values for pure CsPbI3, CsPbBr3, and CsPbCl3
are approximately 0.878, 0.907, and 0.914, respectively, using the corrected ionic radii values
reported by Palgrave et al.128 The resulting shift in stability between CsPbI3 and the other two
halide structures can, therefore, be understood by its close association to the bottom edge of the
stability range of t at 0.825. Manipulation of the bond lengths can therefore be used to increase
stability, such as by the introduction of a smaller B-site cations through doping, causing an overall
decrease in the average size of the B-site ionic radii and an increase in the value of t closer to a
more optimal range.108, 130-132

1.2.3 Characterization of 2D Nanocrystals
While 2D NCs can be characterized in similar methods to 0D NCs, the 2D morphology
complicates otherwise simple characterization methods. Characterization of semiconductor
nanomaterials typically follow a stepwise investigation process, where optical spectroscopy, being
the most readily available, is used to generally determine NC monodispersity and size.
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Monodispersity can be determined form the FWHM of an optical spectra, where narrowing of the
PL peak indicates higher monodispersity. Meanwhile, NC size can be generally determined by the
PL peak position. As previously stated, due to the formation mechanism for 2D NCs, they present
extremely monodisperse NCs with narrow FWHM and due to increased quantum confinement,
tend to have slightly blue-shifted PL spectra in comparison to their 0D counterparts of the same
composition. Further optical analysis can be performed by PL lifetime spectroscopy, where the
time it takes for excited electron to relax back to its ground state is determined. Increased quantum
confinement typically decreases the lifetime of an excited electron as exciton binding energy
increases causing a stronger pull for the excited electron to return to the valence band. Exciton
binding energy can be represented according to a scale set for a 3D hydrogen atom in zero magnetic
field as:

𝐸𝑛 = 𝐸𝑔 −
R∗ =

𝑅0
𝑚 0 𝜀𝑟 2

𝑅∗
𝑛2

(1.3)

(1.4)

where En is the energy of the nth excitonic level, Eg is the energy band gap, n is the Landau level
quantum number, R0 is the atomic Rydberg constant, m0 is the free electron mass, and εr is the
relative dielectric constant.133 2D NCs therefore, typically present short radiative lifetimes from
single to tens of nanosecond range, while 0D NCs are normally around 20 to 50 ns. Anisotropic
nanocrystals can also be characterized using exciton and PL anisotropy, in which polarized optical
properties are demonstrated. When performed in a colloidal suspension, an average anisotropic
optical response will be measured, estimating the polarity of the resulting optical properties based
on the NCs shape. The anisotropic effect can be enhanced by suspending the NCs in an elastic film
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that is then stretch to align anisotropic NCs. Their anisotropic response should increase as the
averaging effect caused in colloidal solutions is mitigated.8
Physical characterization is commonly achieved through TEM, SEM, or STEM analysis
similarly to other NCs. However, it is difficult to properly measure 2D NC thickness by these
methods, rather the use of high-angle annular dark-field (HAADF)-TEM imaging or atomic force
microscopy (AFM) are necessary to physically observe the NC thickness. HAADF-TEM uses an
annual dark-field detector to collect images based on scattered electrons reflected form the NC
surface at a high diffraction angle from the sample plane. This allows samples to be observed from
an indirect angle, improving sensitivity, and therefore allowing the 2D NC thickness to be directly
observed. Additionally, HAADF-TEM has an extremely high sensitivity of 5 to 6 orders of
magnitude higher than EDS.134 On the other hand, tapping phase AFM can be used to directly
measure the NC thickness. Although, this method requires the that the user also obtain TEM
images for lateral dimensions as tapping phase AFM typically has very poor lateral resolution, it
does however provide accurate thickness values.7, 135, 136
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Figure 1.7. (a) HAADF-TEM image of 5 monolayer thick CdSe NPLs,13 [Repurposed with
permission from RCS publishing © 2014] and (b) tapping phase AFM image of CsPbBr3 NPLs.7
7

Reprinted (adapted) with permission from {Li, Z.-J.; Hofman, E.; Davis, A. H.; Maye, M. M.;
Zheng, W., General Strategy for the Growth of CsPbX3 (X = Cl, Br, I) Perovskite Nanosheets
from the Assembly of Nanorods. Chem. Mater 2018, 30 (11), 3854-3860.}. Copyright {2018}
American Chemical Society."
When handling doped materials, further analysis is necessary, which is often achieved
through electron paramagnetic resonance (EPR), inductively coupled plasma (ICP), and
sometimes using superconducting quantum interference device (SQUID) magnetometry. EPR is
incredibly useful to determine the positioning of dopants inside doped NCs, where dopant ions
with unpaired electrons will present hyperfine splitting patterns equivalent to the S x 2 +1, where
S is the ions spin state. For Mn2+, S is 5/2 and therefore a sextet hyperfine splitting pattern is
expected. Based on the separation, in gauss (G), between these hyperfine peaks, the location of
Mn2+ can be determined, where splitting patterns around 86 G are prominent for core doped Mn
and around 92 G is common for surface doped Mn.137 ICP is useful to determine the composition
of doped ions, where the incorporated concentration of Mn can be determined. This is normally
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done using ICP optical emission spectroscopy (OES) but can also be performed with mass
spectrometry (MS) if a higher resolution is necessary. SQUID magnetometry is not commonly
utilized in doped materials unless magnetic specific applications such as quantum spintronics are
focus for the developed material. SQUID is useful for differentiating complex magnetic coupling
like ferromagnetism, antiferromagnetism, or ferrimagnetism from simple paramagnetism by
testing the samples under strong magnetic fluctuations at temperatures down to 3 K, using liquid
helium. When doping, it is uncommon to experience strong complex magnetic responses as the
concentration of magnetic centers is extremely low, however, dilute magnetization is possible,
which is useful for spintronic applications. By having diluted magnetic centers in a larger material,
it is possible to manipulate each magnetic center individually leading to many applications in
materials requiring controlled electronic signals or switches. If made applicable, dilute magnetic
NCs would be the smallest switch-based material available.
Structural techniques such as powder X-ray diffraction (XRD), X-ray absorption near edge
structure (XANES), and X-ray absorption fine-structure (XAFS) can also be utilized to
differentiate by NC morphology and between doped and undoped species. XRD will present peak
broadening as NCs size decreases, which means that the broadest diffraction peak should correlate
to the plane of the NC thickness in 2D NCs. Therefore, thickness can be estimated according to a
modified Scherrer equation:

〈𝐿〉 =

Κ𝜆
𝛽𝑐𝑜𝑠𝜃

(1.5)

where, <L> or commonly referred to by D is the measured dimension of a particle in the direction
perpendicular to the reflecting plane, λ is the x-ray wavelength, β is the peak width measured as
FWHM, θ is Bragg’s angle, and K is the Scherrer constant.138, 139 The most complicated portion of
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this method is determining K, as the Scherrer constant depends on crystallite shape, the definition
of peak breath used (i.e. FWHM, integrated peak area, or the slope of the line profile as a function
of the integration range), and the crystallite size distribution resulting in variances from 0.62 to
2.08. Although, K is commonly estimated to be 0.89 (for integrated breath), 0.94 (for FWHM), or
rounded to 0.9 or 1, by assuming the NCs are spherical or cubic for simplicity.139, 140 XRD can also
show dopant incorporation as lattice compression and expansion result in shifts to higher and lower
angles of 2θ, respectively. This effects occurs in agreement with Vegard’s law, in which the lattice
parameters of a solid should be the result of a weighted average of the materials composition and
is, therefore, commonly observed when incorporating small ions such as Mn2+ to replace larger
ions such as Cd2+ or Pb2+.141-144 More in-depth X-ray diffraction techniques, such as XANES and
XAFS, can be used to probe local bonding environments and can therefore be used to great effect
by studying the electronic structure surrounding incorporated dopants, even at low dopant
concentrations.145-147 This is done by investigating distinct dopant sites at the absorption band edge
of the host and dopant material. For example, when investigating the introduction of ~1% Ce
dopant incorporation in TiO2 NCs, Smith et al. probed the local band structure of the dopant at the
Ti K-edge and Ce-L3 edge, where the Ti K-edge will give an averaged electronic structure for the
NC and the Ce-L3 edge probes the local environment around the Ce dopants. The combination of
these two techniques therefore provides information on global and local changes from Ce
incorporation.145

1.2.4 Shell Passivation of 2D Nanocrystals
Shell growth has been used quite extensively to protect NC surfaces, primarily of 0D QDs,
but has more recently expanded to use in 1D and 2D NCs, as well. The effects of shell passivation
varies based on the overlap the shell material bandgap has with the bandgap of the core NC,
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producing 3 separate categories. One, called Type I, in which the shell bandgap entirely envelops
the core bandgap so that the valence and conduction band edge lie within the shell band, causes
both surface passivation and increased PL QY by acting as a barrier for overexcited electrons,
called Type I shell passivation.148-150 Additionally, a slight red-shift in the core band-edge PL also
occurs likely due to either a decrease in the size of the core during shell passivation or from
pressure applied to the core by the shell material.

148

The second, acts very similarly to the first

with the roles reversed. In reverse Type I shell passivation, the core bandgap envelopes the
conduction and valence band-edge of the shell. This shifts the charge carrier from the core to the
shell, meaning that the NC PL is entirely dependent on the shell thickness. Type II is the final shell
passivation style, in which only one of the shell band-edges are contained within the core bandgap.
The NC PL is therefore determined by the separation between the two-central band-edges, one
form the core and one from the shell.148

Scheme 1.2. A schematic representing the three types of shell band alignment to the core NC.
For 2D NCs, the shell formation process slightly varies from 0D and 1D NCs as multiple
different shell-like structures have been developed, including core/shell, core/crown, and core in
box NC composites.151-154 Core/shell structures are considered to bind to just the top and bottom,
laterally large, areas of the NCs, while core/crown bind only to the thickness direction and core in
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box combines the two for total shell coverage similar to other systems. Each method, to a degree,
provide both NC protection and improved optical response, however, core in box is obviously the
best for surface protection.151-154 As previously stated, 2D NCs face issues with stability due to
their large lateral dimensions and reactive surface area causing NC degradation at relatively low
temperatures. This limits the application of common shell passivation techniques such as the
SILAR (successive ion layer adsorption and reaction) as they require temperature around 160 –
180 °C, which can cause 2D NCs to start decomposing before shell passivation can properly
protect the NC surface.155, 156 Because of the already impressive properties of 2D semiconductor
NCs, maintaining the original core PL with some optical enhancement is preferred, therefore, the
use of Type II shell formation is the most common.151-154

1.3 Challenges for and Improvements toward Functional 2D NCs
As previously stated, 2D NCs face many challenges due to their low stability and optical
response, relative to 0D and 1D NCs, as well as their lack of synthetic exploration in comparison
to the decades devoted to 0D NCs. However, 2D materials are promising toward future
applications due to their extremely narrow PL, high in plane charge transport, and large lateral
surface areas useful toward layered device integration. Therefore, it is of keen interest to improve
and expand the synthetic versatility for these materials while also improving their stability and
optical properties.
The broad motivation and scientfic concents contained within this report aim to expand the
versatility of 2D materials while studying their formation mechanism, optical, electronic, and
magnetic properties of materials varying largely in composition by means of synthetic control and
doping. This including the careful incorporation as Mn2+ in II-VI group CdS and CsPbX3 NPLs
and NSs by multiple different synthetic pathways. Chapter 2 expands on the incorporation of Mn2+
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into CdS core and CdS/ZnS core/shell NPLs. A low temperature shell synthesis was developed
and is expanded on in this chapter. The resulting NPL physical, optical, and magnetic properties
are also expanded upon.136 In Chapter 3, a novel post-synthetic strategy for the assembly of 1D
CsPbX3 (X = Cl, Br, I, and mixture thereof) NRs under solvothermal conditions to synthesize 2D
(X = Cl, Br, I, and mixture thereof) NPLs and NSs is discussed. Specifically, we aim to identify
the mechanism of assembly while also presenting the most versatile perovskite 2D NC synthesis
to date, without the use of anion exchange. To do so, the synthesis was carefully controlled and
modulated for the stepwise formation of different NC morphologies, while studying the
corresponding physical and optical properties.7 Chapter 4 expands on the use of the post-synthetic
solvothermal synthesis for controlled Mn-dopant incorporation into 2D CsPbCl3 NPLs. This
reaction produced highly doped NPLs through pressure induced dopant incorporation, causing
spinodal decomposition to form CsMnCl3 NPL.157 Chapter 5 introduces the development of a
novel room-temperature ligand mediated synthesis for chemically versatile Mn-doped CsPbX3 (X
= Cl, Br, and mixture thereof) NPLs under ambient atmosphere. This method offers an extremely
facile approach toward industrially applicable perovskite NPLs. In the final chapter, Chapter 6, the
work revealed in the previous chapters are summarized with a future perspective of the field of 2D
II-VI group and perovskite NCs.
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Chapter 2
Exciton Energy Shifts and Tunable Dopant Emission
in Manganese-Doped Two-Dimensional CdS/ZnS
Core/Shell Nanoplatelets
Reprinted (adapted) with permission from (Davis, A. H.; Hofman, E.; Chen, K.; Li, Z. J.; Khammang, A.; Zamani, H.; Franck,
J. M.; Maye, M. M.; Meulenberg, R. W.; Zheng, W. W., Exciton Energy Shifts and Tunable Dopant Emission in ManganeseDoped Two-Dimensional CdS/ZnS Core/Shell Nanoplatelets. Chem. Mater 2019, 31 (7), 2516-2523.). Copyright (2019) American
Chemical Society

2.1 Introduction
Semiconductor nanocrystals (NCs) have been extensively studied for applications in green energy
harvesting and biological research, leading to the development of a wide array of high-quality NCs
with varying size, shape, and composition.37, 38, 40, 42, 83-86, 158 With the incorporation of transitionmetal ions as dopants inside NCs, new optical, electrical, and magnetic properties can be achieved
and controlled based on dopant concentration.159-166 For example, a distinct dopant emission can
be observed in many Mn2+-doped II−VI group semiconductor NCs including CdS, ZnSe, ZnS,
etc.)8, 12, 167, 168 and perovskite NCs157, 169, 170 from the efficient NC-to-dopant energy transfer.
Doped NCs, therefore, are promising materials for applications in spintronics, photovoltaics, and
quantum computing.171-175 Compared with doped zero-dimensional (0D) and one-dimensional
(1D) NCs, doped two-dimensional (2D) nanoplatelets (NPLs) can offer the possibility of enhanced
optical lasing, anisometric magnetics, and polarized light emission utilizing the narrow emission
band and ultrafast charge carrier recombination.152, 166, 176-179 Currently, there are many reports on
transition-metal-doped 0D spherical NCs by nucleation doping,180 growth doping,181 pre-doped
single-source precursor,147, 182 and ion exchange and diffusion.183 Despite doped 0D NCs being
widely studied,171 doped anisotropic NCs, especially 2D NCs, have been far less explored.
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To date, only a few Mn2+-doped 2D II−VI metal chalcogenide NCs have been reported,166,
184-186

with these few displaying limited optical properties. Furthermore, direct doping into 2D CdS

NPLs has not yet been reported, with multiple opting to dope into a CdS shell surrounding 2D
CdSe core NPLs.184, 185 In general, the limited reports on doped 2D metal chalcogenides reflect the
challenge in synthesizing doped 2D NCs, which might be due to the anisotropic growth of the NCs
leading to limited growing facet with sufficient binding energy for dopant ion addition187 as well
as the prevalence of dopant ejection by the self-annealing effect.188, 189 In addition, the large
surface-to-volume ratio of 2D NCs makes maintaining thermodynamic and environmental stability
problematic. The relatively poor thermal stability of 2D NCs could make the solution-phase doping
at high temperature very challenging.190 For example, cadmium chalcogenides are known for their
poor thermal and environmental stability in which loss of structural integrity ensues, leading to
quenched photoluminescence (PL) at elevated temperatures.190
In this study, we developed a one-pot synthesis for Mn2+- doped 2D CdS (i.e., Mn:CdS)
NPLs followed by ZnS shell passivation for Mn:CdS/ZnS core/shell NPLs with enhanced thermal
stability. Interestingly, the Mn PL is only observed in the 2D Mn:CdS/ZnS core/shell NPLs, while
it is absent in the 2D Mn:CdS NPLs. The host−dopant energy transfer and Mn−Mn interactions of
these doped core/shell NPLs are dopant concentration-dependent, allowing for a tunable dual band
emission from the host NPLs and Mn dopants. Through dopant introduction and surface
modification, we have synthesized not only the first 2D Mn:CdS NPLs but also the first 2D
Mn:CdS/ZnS core/shell NPLs with enhanced optical properties.
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2.2 Synthetic Elucidation for the formation of 2D Mn:CdS/ZnS Core/Shell
Nanoplatelets
2.2.1 Chemicals and Materials
Zinc diethyldithiocarbamate (97%, Zn(DDTC)2, Aldrich), oleylamine (70%, OAm, Aldrich),
ethanol (99.5%, EtOH, VWR), hexanes (98.5%, VWR), methanol (99.8%, MeOH, VWR), toluene
(>99.8%, VWR), 1-octadecene (90%, ODE, Alfa), tetradecanoic acid (98.0%, H(Myr), Alfa),
sodium hydroxide (99.6%, NaOH, Fisher), cadmium nitrate tetrahydrate (99.0%, Aldrich), sulfur
(99.5%, Alfa), zinc acetate dihydrate (98.0–101.0%, Zn(OAc)2, Alfa), and chloroform (99.8%,
VWR) were used without any further purification.
Cadmium myristate was prepared as a 0.025 M sodium myristate solution by dissolving 240 mg
(6.0 mmol) of sodium hydroxide and 1.370 g (6.0 mmol) of myristic acid in 240 mL of methanol
in a 500 mL Erlenmeyer flask (E-flask). Separately, dissolve 617 mg (2.0 mmol) of cadmium
nitrate tetrahydrate in 40 mL of methanol in a 100 mL E-flask. Add the cadmium nitrate solution
dropwise (∼1 drop/s) to the stirring sodium myristate solution, resulting in the formation of a white
precipitate of cadmium myristate. Wash the resulting precipitate three times with 50–100 mL of
methanol and then dry under vacuum overnight.
Sulfur-Octadecene was prepared as a 0.1 M sulfur–octadecene (S-ODE) solution by dissolving
48 mg (1.5 mmol) of sulfur in 15 mL of ODE by sonication for at least 2 h. This solution was
prepared the same day on which a reaction took place.
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2.2.2 Synthesis of 2D Mn:CdS Nanoplatelets
For a typical synthesis of 2D Mn:CdS NPLs, a solution containing 113.4 mg (0.20 mmol) of
Cd(myr)2, 43.9 mg (0.20 mmol) of Zn(OAc)2, 1.0 mL of S-ODE, and 9.0 mL of ODE was prepared
in a 25 mL three-neck round-bottom flask. Degas the solution for 30 min at room temperature and
another 30 min at 100 °C. Afterward, cool the reaction to room temperature under argon. Inject
Mn(NO3)2 in minimal MeOH into the solution. Degas the solution at room temperature for 30 min
and another 30 min at 100 °C. Heat the reaction mixture to 200 °C and maintain that temperature
for 1 h under argon. Cool the reaction to room temperature and add ∼6 mL of toluene into the
resulting reaction solution (∼10 mL). Centrifuge the solution at 5000 rpm for 2 min to remove any
unreacted precursor, if the solution is visibly cloudy. Use a small aliquot of the solution for optical
measurements. Precipitate the Mn:CdS NPLs out of solution by adding 3–4 mL of ethanol
followed by centrifugation at 5000 rpm for 2 min. Dissolve the precipitate in minimal hexane after
removing the supernatant for the synthesis of Mn:CdS/ZnS core/shell NPLs. For XRD and TEM
measurements, clean the product three to four times using minimal toluene/EtOH followed by
centrifugation.

2.2.3 Synthesis of ZnS Shell Passivated 2D Mn:CdS/ZnS Core/Shell Nanoplatelets
In a 25 mL three-neck round-bottom flask, add the previously synthesized Mn:CdS NPLs in
hexane, 6.0 mL ODE, 2.0 mL OAm, and 145 mg (0.40 mmol) Zn(DDTC)2. Degas the mixture at
50 °C for 30 min and at 70 °C for an additional 30 min. Increase the reaction temperature slowly
to 220 °C at a rate of ∼5 °C/min and maintained at 220 °C for 0.5–3 h for ZnS shell coating on the
surface of Mn:CdS NPLs. Then, cool the reaction to room temperature naturally. Clean the
core/shell NPLs similarly to those of the core NPLs using toluene and EtOH.
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2.3 Nanoparticle Characterization
In this study, we successfully synthesized Mn2+-doped 2D CdS NPLs by reacting manganese
nitrate and cadmium myristate with sulfur precursor in ODE at 200 °C (see details in section 2.2).
We further grew a ZnS shell on the Mn:CdS NPLs to synthesize 2D Mn:CdS/ZnS core/shell NPLs,
using a single-source shelling precursor (SSSP) method by thermal decomposition of a single
precursor, zinc diethyldithiocarbamate (Zn(DDTC)2),191 in a solution of ODE, and oleylamine
(OAm) (Section 2.2). The single-source precursor supplies both the Zn and S necessary for
shelling, which slowly breaks down at around 100 °C allowing for the passivation of the NPL
surface with ZnS at relatively low temperatures.192 We found that the SSSP method is efficient for
NPL shell passivation, as relatively low reaction temperatures can be employed (120–220 °C),
while being thermally adaptable for minimal NPL degradation.191, 192 Other shelling temperatures,
such as altering the maximum temperature to 200, 240, or 280 °C, were attempted using the SSSP
method. However, these conditions were inadequate for proper shell formation. For example, low
temperatures such as 200 °C resulted in low PL quantum yield (QY) (Figure S2.1) of the core/shell
NPLs. Higher maximum shelling temperatures such as 240 and 280 °C caused thermal degradation
and melting of the NPLs, often leading to samples consisting of irregular-shaped 2D NCs, 1D
nanorods, and even spherical NCs (Figure S2.2). Therefore, it is imperative to keep the reaction
temperature no higher than 220 °C to avoid NPL degradation as well as no lower than 200 °C to
improve optical properties.

2.3.1 Physical Characterization of 2D Mn:CdS/ZnS Core/Shell Nanoplatelets
Transmission electron microscopy (TEM) images of Mn:CdS core NPLs (Figure 2.1a ([Mn]: 0%), Figure
1b ([Mn]: 2.5%), and Figure S3a-e ([Mn]: 0–4.7%)) indicate 2D NPLs of a curved structure with ∼20 × 50
nm lateral dimensions. The curved appearance of the NPLs is most likely due to the ultrathin CdS NPLs at
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only 5-monolayer (ML) (∼1.45 nm) thickness based on optical data (discussed below),193 with large surface
energy also causing NPL stacking. ZnS shell-passivated NPLs (Figure 2.1c and S2.3f-j) are far more rigid
because of their increased thickness resulting in less NPL stacking and bowing than core NPLs, which
might be from the decrease in surface-to-volume ratio and therefore surface energy in the core/shell NPLs.
Core/shell NPL lateral dimensions resemble that of the core NPLs; however, thickness comparisons are
difficult to discern using TEM imaging. Therefore, atomic force microscopy (AFM) was utilized to
determine the thickness of Mn:CdS/ZnS core/shell NPLs and the ZnS shell thickness. Figure S2.4a displays
an AFM image, which exhibits ∼3.4 nm thickness of the core/shell NPLs discerned by cross-sectional
analysis of individual particles (Figure S2.4b). According to these results, the thickness of ZnS achieved
using the SSSP method is ∼2.0 nm. The data in Figure S2.4b exhibits long flat regions around 3.4 nm in
height that stretch for 40–60 nm in position along the Mn:CdS/ZnS core/shell NPLs. The inductively
coupled plasma optical emission spectrometry (ICP-OES) data indicates that the doping concentration
decreased from 0.6, 1.1, 2.5, and 4.7% in Mn:CdS NPLs to 0.2, 0.4, 0.9, and 1.5% in Mn:CdS/ZnS core/shell
NPLs. The partial removal of Mn dopants during ZnS shell passivation of Mn-doped NCs is consistent with
previous observations in shell-passivated doped 0D and 1D NCs.8, 181
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Figure 2.1. TEM images of (a) 2D CdS NPLs, (b) 2D Mn:CdS NPLs, and (c) 2D Mn:CdS/ZnS core/shell
(C/S) NPLs; (d) powder XRD patterns of Mn:CdS core NPLs and Mn:CdS/ZnS core/shell NPLs. (e)
Zoomed-in XRD patterns showing peak shifting of the (111) diffraction peak by increasing the Mn-doping
concentration.
The powder X-ray diffraction (XRD) of Mn:CdS core NPLs indicates cubic phase CdS. The core
NPLs showed a sharp (200) reflection at 2θ = 30.8°, corresponding to the lateral plane (100) of the 2D
NPLs, as previously reported.84, 193 The broad (111) diffraction peak of the 2D NPLs can be understood as
having a high plane angle offset of 54.7° with respect to the (100) lateral plane, which is nearly parallel
with the thickness of the NPLs, causing a broadening effect because of the small size effect. Careful
examination of the XRD patterns indicates diffraction peak shifting to higher angles with increasing dopant
concentrations (Figure 2.1d, e). For example, a shift in 2θ of 0.271° along the (111) plane from 0 to 4.7%
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doping concentration can be observed, which can be explained by considering compression by 0.017 Å
along the (111) lattice plane (Figure S2.5). The lattice compression can be understood by replacing the
larger Cd2+ ions (92 pm) with small dopant Mn2+ ions (80 pm), suggesting successful incorporation of
Mn2+ ions inside the host CdS lattice. The small diffraction peak located at 22.1° is attributed to the
scattering or diffraction of organic ligands that are present in the reaction.12
The XRD pattern of Mn:CdS/ZnS core/shell NPLs (Figure 2.1d and S2.6) shift from the original
cubic CdS lattice toward a cubic ZnS lattice indicative of successful ZnS shell passivation. The growth of
the ZnS shell resulted in the significant narrowing of the (111) diffraction, which could be explained by the
significant increase in the thickness of the 2D NPLs from 1.45 to 3.4 nm. No significant peak shift can be
observed between core/shell NPLs (Figure S2.6), showing near-uniform shell passivation of the core
Mn:CdS NPLs with no variance based on dopant concentration.
The thermal stability of undoped and Mn-doped 2D core and core/shell NPLs was tested through a
thermal annealing method described in the supporting information. The core NPLs have limited thermal
stability and experienced thermal degradation causing the formation of larger NCs during annealing at 200
°C (Figure S2.7a and S2.8a), evidenced by a new broad PL peak (∼430 nm) on the longer wavelength side
of the NPL PL. More rapid degradation of core NPLs can be observed at higher annealing temperature,
such as 220 °C (Figure S2.7b and S2.8b), resulting in a dominant, red-shifted emission from the formation
of large CdS NCs. However, the 2D core/shell NPLs showed no sign of degradation when annealed at 220
°C even after annealing for 3 h (Figure S2.7c and S2.8c), with no change in FWHM of either the CdS or
Mn PL during the annealing process. Therefore, ZnS shell passivation using the SSSP method allows for
both minimal NPL thermal degradation during shell coating and enhanced thermal stability of the resulting
2D core/shell NPLs.
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2.3.2 Dopant Investigation by EPR and Optical Characterization
Dopant (Mn2+) position within the CdS host lattice was determined by X-band electron
paramagnetic resonance (EPR) spectroscopy (Figure 2.2). In the 0.6% Mn:CdS NPLs, there are
two sets of six-peak hyperfine splitting patterns with hyperfine constants of A = 94.3 and 68.6 G
(Figure 2.2a), which represent the presence of the Mn2+ ions on the surface and within the core
lattice of CdS, respectively.137, 194 The broad dipolar peak visible in high-concentration samples is
primarily due to strong short-range coupling between the paramagnetic Mn ions within close
proximity to one another, which cause wide stretching bands and the elimination of hyperfine
peaks. The loss of surface-indicative hyperfine peaks (A = 93.3 G) in core/shell NPLs further
supports successful shelling (Figure 2.2b and S2.9), as formerly surface-doped Mn were either
partially displaced or encapsulated by ZnS, effectively acting as core-doped Mn. The smaller
dipolar contribution in the EPR spectra of the Mn:CdS/ZnS core/shell NPLs compared with that
in the Mn:CdS core NPLs indicates a weaker short-range Mn–Mn interaction, which is consistent
with decreased Mn concentration in core/shell NPLs from the ICP-OES measurements.
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Figure 2.2. Dopant concentration-dependent X-band EPR spectra of (a) Mn:CdS core and (b)
Mn:CdS/ZnS core/shell NPLs, showing an increase in dipolar contribution with increasing dopant
concentration and a decrease in dipolar contribution as shelling occurs.
Figure 2.3a shows the normalized absorption and PL spectra of Mn:CdS NPLs during ZnS
shell passivation up to 220 °C. The as-prepared Mn:CdS core NPLs exhibit an exciton absorption
centered at 376 nm and CdS emission at 387 nm (fwhm: 11 nm). The band edge absorption position
is consistent with 5-ML CdS NPLs (1.45 nm thickness) originally determined using the Pidgeon–
Brown effective mass model by Ithurria et al.193 However, no significant emission from Mn can
be observed, which is quite surprising considering that the atomic energy levels of Mn2+ lie within
the band gap of CdS, and should result in Mn PL as reported in many 0D Mn:CdS NCs.12 The PL
QY of Mn:CdS NPLs was maintained at ∼6% for all doping concentrations (Figure 2.3c). The
absence of Mn PL in 2D Mn:CdS core NPLs may arise from overlap with the broad defect emission
peak centered at ∼540 nm and the low PL QY of the core NPLs (Figure 2.3a,c). In addition, the
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short exciton lifetime (a few nanoseconds as discussed below) and large exciton binding energy of
2D NPLs,193 compared with corresponding 0D quantum dots, could lead to fast direct electron and
hole combination, resulting in inefficient host-to-dopant energy transfer in the doped NPLs.

Figure 2.3. Normalized absorbance and emission spectra of (a) 0.6% Mn:CdS core NPLs shelled
up to 220 °C using the SSSP method. (b) Dopant concentration-dependent absorbance and
emission spectra of Mn:CdS/ZnS core/shell NPLs ([Mn]: 0–1.5%). (c) Total PL QY of core and
core/shell-doped NPLs with respect to Mn concentration. (d) Excitation anisotropy data contingent
on wavelength for 0.6% Mn:CdS core and corresponding 0.2% Mn:CdS/ZnS core/shell NPLs. (e)
Peak intensity ratio of Mn PL with respect to the CdS host PL as a function of Mn concentration.
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2.3.3 Understanding the Substantial Shift in Excitonic Energy
During ZnS shell passivation, a gradual enhancement of absorption in the UV range is
observed in Mn:CdS/ZnS core/shell NPLs because of the absorption of the ZnS shell. Remarkably,
an enormous red shift of both the absorption and PL peak of the core/shell NPLs by ∼420 meV
(PL from 387 to 443 nm) was observed (Figure 2.3a,b). It should be noted that the value of the red
shift is independent of doping concentration and is always ∼420 meV for all the Mn:CdS/ZnS
core/shell NPLs in this study. This large spectral red shift is unexpected, considering the type I
band alignment of the CdS/ZnS core/shell NPLs where both the excited electrons (in conduction
band) and holes (in valence band) are confined within the CdS core,148 yet other, similarly large
exciton energy shifts have been reported for 2D NCs.195 For example, a large red shift up to 140
meV has been observed for 2D CdSe quantum belts after additional Cd(oleate)2 surface
passivation, which electronically couples to the NC lattice and therefore increases the effective
thickness of the nanobelts.195 However, the ∼420 meV red shift corresponds to the increasing of
∼2-ML thickness of CdS,193 which cannot be simply understood by the surface ligand effect.
Though, it can be understood by the deposition of ∼2 MLs of S on NPL surface Cd sites during
ZnS shell passivation considering the same anion (S) in the CdS core and ZnS shell lattice,
resulting in an increased effective core thickness of ∼7 ML (Figure 2.4a). It should be noted that
the exciton delocalization to the ZnS shell could be possible due to the large NPL quantum
confinement along the thickness, even with the type I band alignment of the CdS/ZnS core/shell
NPLs, and might contribute to the large spectra red shift observed upon ZnS coating.
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Figure 2.4. (a) Schematic representation of SSSP shelling with ZnS causing a pseudo-7- ML CdS
core in Mn:CdS/ZnS core/shell NPLs. Orange spheres represent S ions, red spheres represent Cd
ions, and blue spheres represent Zn ions. Mn is not shown for simplicity. (b) Representation of the
CdS–Mn host–dopant energy transfer in Mn:CdS core and Mn:CdS/ZnS core/shell (with differing
doping concentrations) NPLs. (c) CdS band gap PL lifetime for the Mn:CdS core NPLs as a
function of Mn concentration (0–4.7%). (d) Mn PL lifetime of the Mn:CdS/ZnS core/shell NPLs
as a function of Mn concentration (0–1.5%). Insets show the average lifetimes of the NPLs as a
function of Mn concentration.
Both the 2D Mn:CdS and Mn:CdS/ZnS core/shell NPLs show excitation anisotropy
consistent with the nonspherical morphology of NPLs. Compared with Mn:CdS NPLs, shell
passivation can provide an increased excitation anisotropy of Mn:CdS/ZnS core/shell NPLs for all
dopant concentrations (Figure 2.3d and S2.10), which could be understood by the increased
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rigidity of the Mn:CdS/ZnS core/shell NPLs. For the 2D Mn:CdS NPLs with a curved shape, a
slightly different polarized emission corresponding to different directions could be obtained from
multiple different positions within the 2D NPLs. Therefore, the lower excitation anisotropy of
Mn:CdS NPLs might be due to the effective cancelling of the polarized emission from the curved
structure of the ultrathin NPLs.
Intriguingly, the growth of the ZnS shell on Mn:CdS NPLs can “turn on” a distinct Mn
emission band centered at ∼600 nm (4T1 → 6A1 d–d transition) (Figure 2.3a,b). The Mn emission
can be discerned almost immediately once the ZnS shelling temperature reaches 120 °C, followed
by narrowing of the Mn2+ emission peak at 160 °C (Figure S2.11). The narrowing of the Mn
emission indicates successful ZnS surface passivation to effectively remove surface defect and
the corresponding defect emission (Figure S2.11). Additionally, it appears that increasing the
dopant concentration correlates with a more rapid narrowing of the Mn emission, primarily due to
a more prominent Mn emission from increased host–dopant energy transfer, even early in the
shelling process. The appearance of Mn PL indicates that the host–dopant energy transfer is
favored in the core/shell NPLs, which could be attributed to a larger effective CdS core with less
quantum confined exciton in the core/shell NPLs, along with the efficient removal of surface defect
states via ZnS shell passivation (Figure 2.4a,b).
Figure 2.3b displays the normalized absorbance and PL of 2D Mn:CdS/ZnS NPLs with Mn
concentrations of 0, 0.2, 0.4, 0.9, and 1.5%. A distinct trend can be observed in which an increased
intensity ratio of Mn to CdS PL can be obtained as the Mn concentration increases (Figure 2.3e).
In addition, the PL QY of the core/shell NPLs increases with Mn concentration from ∼11% at 0%
Mn to ∼15% at 1.5% Mn (Figure 2.3c), which indicates more efficient host–dopant energy transfer
with doping concentration caused by the removal of defect sites in the core/shell NPLs. The host–
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dopant energy transfer from the CdS–Mn coupling can be qualitatively monitored by the PL
intensity ratio of Mn dopant and CdS host NCs as indicated by eq. 612
𝐼𝑀𝑛
𝐼𝑁𝐶

∝

𝐾𝐸𝑇
𝐾𝑟𝑁𝐶

(2.1)

where increased PL intensity ratio of dopant (IMn) to host (INC) intensity is proportional to increased
energy-transfer relaxation rates (KET) with respect to the relaxation rate of the host lattice (KrNC).
The increased relative Mn PL intensity with increased Mn concentration is consistent with higher
host–dopant energy-transfer efficiency from the CdS host lattice to the doped Mn energy states
(Figure 2.4b), which can be qualitatively understood by increasing the number of acceptors
interacting with a given donor. Effectively, more energy-transfer pathways are available, leading
to an increased transfer rate and efficiency.
It should be noted that energy transfer between CdS host lattice and Mn dopant is very
complicated in the presence of defect states. To further verify the doping concentration-dependent
host-to-dopant energy transfer, we performed PL lifetime measurements of the NPLs. The energytransfer efficiency (ΦET) can be also represented with respect to the host PL decay lifetime (τD)
and undoped radiative decay lifetime (τUD) as in eq. 78

𝜏𝐷 = 𝜏𝑈𝐷 (1 − Φ𝐸𝑇 )

(2.2)

in which the CdS PL decay lifetime (τD) of doped NPLs is represented with respect to the undoped
NPL radiative decay lifetime (τUD) and the rate of energy-transfer efficiency, ΦET. Equation
2 indicates that the CdS host PL decay lifetime is inversely proportional to the host-to-dopant
energy-transfer efficiency (ΦET). Indeed, the CdS PL lifetime of Mn:CdS NPLs (Figure 2.4c
and Table S2.1) decreases with increasing dopant concentration, supporting the increased rate of
host–dopant energy transfer. In addition, decreased Mn PL lifetime with increased doping
P a g e | - 43 -

concentration (Figure 2.4d and Table S2.1) can be observed, which is due to “concentration
quenching” from short-range Mn–Mn interactions at higher doping concentrations.8

2.3.4 Magnetometry Characterization of Doped 2D NCs
To gain further insight into the Mn–Mn interaction as well as magnetic properties of these
doped 2D NPLs, we measured the isothermal magnetization of the Mn:CdS and Mn:CdS/ZnS
NPLs as a function of doping concentration (Figure 2.5). It is important to note that both the core
and core/shell NPLs show weak paramagnetism for the undoped samples, suggestive of intrinsic
spin states in these 2D materials.196 Both the core-only and core/shell NPLs exhibit systematic
increases in saturation magnetization, Ms, as a function of Mn concentration (Figure 2.5). For 0.6%
Mn:CdS NPLs, we observe an effective magnetic moment, μeff = 6 μB/Mn, matching the expected
spin-only moment for Mn2+. For higher doped CdS NPLs, the values of μeff range between 2 and
4 μB/Mn, suggesting competing magnetic interactions, possibly because of interactions with
surface states.196,

197

The highest doped CdS NPLs (Mn = 4.7%) does not exhibit magnetic

saturation at fields as high as 7 T, suggesting complex magnetic interactions, perhaps because of
antiferromagnetic exchange. Magnetic susceptibility (χ) data suggests paramagnetism for all the
samples, with no obvious magnetic phase transitions in the zero-field or field-cooled scans (Figure
S2.12). Fits of the data to a modified Curie–Weiss law as in eq. 8

𝜒 = 𝜒0 +

𝐶
(𝑇−𝜃𝑤 )

(2.3)

where χ0 is the temperature-independent contribution of the magnetic susceptibility and θW is the
Weiss temperature, showing increasingly negative values of θW as a function of doping
concentration in Mn:CdS NPLs (Figure 2.5a insert), which suggests increased antiferromagnetic
interactions with Mn concentration. This observation is consistent with the absence of magnetic
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saturation in the 4.7% Mn:CdS NPLs (Figure 2.5a). For all Mn:CdS/ZnS core/shell NPLs, we
observe both magnetic saturation behavior at high field (Figure 2.5b) and minor changes in the
Weiss temperature (θW) (Figure 2.5a inset). This can be understood by considering reduced
antiferromagnetic interactions in the doped core/shell NPLs, resulting from lower doping
concentrations coupled with a reduction of surface defects in the Mn:CdS/ZnS core/shell NPLs.

Figure 2.5. Isothermal magnetization (T = 2 K) for (a) Mn:CdS and (b) Mn:CdS/ZnS NPLS as a
function of Mn concentration. The dashed lines are Brillouin fits to the data points (expressed as
open circles). Inset in (a): Weiss temperatures (from magnetic susceptibility fits) as a function of
Mn concentration. The lines are a guide for the eyes.
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2.3 Conclusions
In conclusion, we have developed a one-pot wet chemistry method for the synthesis of 2D
Mn:CdS NPLs. To improve the thermal stability and optical properties, we further grew ZnS shellpassivated Mn:CdS/ZnS core/shell NPLs using a SSSP method at a moderate temperature. Both
EPR and XRD measurements confirm successful Mn doping inside the CdS NPL lattice. Although
no significant dopant emission was observed in 2D Mn:CdS NPLs, the Mn:CdS/ZnS core/shell
NPLs show tunable PL from the host NPLs and the Mn2+ dopant with doping concentration, as
well as an enormous red shift of both the absorption and PL peak by ∼420 meV. Decreases in both
CdS host and Mn PL lifetime with doping concentration are consistent with increasing host–dopant
energy-transfer efficiency and Mn–Mn interactions with higher dopant concentration. Magnetic
measurements suggest paramagnetism in all the studied samples, with antiferromagnetic coupling
increasing with dopant concentration and decreasing with the formation of the ZnS shell.
Applications for these materials are vast, as they can be tuned for a specific function, such as in
photovoltaics, polarized light-emitting diodes, as dilute magnetic semiconductors, or as giant
oscillator strength transistors.176, 178, 179, 198, 199
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2.4 Supporting Information

Figure S2.1. Absorption and PL spectra of (a) CdS core and CdS/ZnS core/shell (C/S) NPLs, as
well as (b) 1.1% Mn:CdS core and 0.4% Mn:CdS/ZnS core/shell NPLs shelled up to and annealed
at 200 ˚C for 0-180 min using the SSSP method, (c) total PL QY, (d) FWHM of CdS host emission,
and (e) dopant to host PL intensity ratio with respect to shell annealing time. Error values were
determined from averaged results from 3 trials.
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Figure S2.2. TEM images of Mn:CdS/ZnS core/shell NPLs synthesized with maximum
temperature at (a) 240 ˚C and (b) 280 ˚C (annealed for 1 h).
Shelling temperature (or temperature range in this case) have proven to have the most prominent
effect on the resulting core/shell structure of NPLs during SSSP shelling. As stated in the main
text, increased shelling temperatures cause NPL degradation even with the added protection of a
forming ZnS shell. At 240 ˚C, NPLs can be observed as seemingly melting or broken, causing the
formation of 0D spherical nanocrystals and 1D nanorods. At 280 ˚C, the remaining NPLs are
minimal in number and seemingly still melted at the edges, with more 1D nanorods and 0D
spherical nanocrystals forming in place of the original NPLs.
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Figure S2.3. TEM images of 0-4.7% Mn:CdS core (a-e) and corresponding Mn:CdS/ZnS core/shell NPLs
(f-j, [Mn]: 0-1.5%), indicating 2D morphology of the core and core/shell NPLs with differenct Mn
concentration (Scale bar: 50 nm). However, there is some indication that higher doping concentrations can
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cause increased rates of degradation, resulting in the formation of higher quantum confined NCs such as
quantum dots. These quantum dots can be primarily observed in the 4.7% Mn:CdS and corresponding 1.5%
Mn:CdS/ZnS core/shell NPLs.

Figure S2.4. (a) AFM image of Mn:CdS/ZnS NPLs. Inset: A high magnification AFM image of individual
NPLs with approximately 50 x 20 nm lateral dimensions. These results are in good agreement with the
dimensions of the core/shell NPLs obtained through TEM measurement. (b) NPL height determined from
cross sections of individual NPLs outlined by the respective blue, green, and red lines in figure S2.4a.

Figure S2.5. XRD analysis of (a) the (111) diffraction peak positions and (b) the calculated d(111) spacing
as a function of Mn concentration in Mn:CdS NPLs.
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Figure S2.6. XRD spectra of Mn:CdS/ZnS NPLs with Mn doping concertation ranging from 01.5%.
Thermal stability of 2D NPLs and core/shell NPLs was tested through a thermal annealing process
in which the NPLs were dispersed and annealed (for up to 3 h) in 4 mL ODE at 200 and 220 ˚C.
The NPLs were cleaned 2x (as discussed in the Materials and Methods) before being dispersed in
fresh ODE. Both highly doped ([Mn] = 1.5%) and undoped NPL samples were tested to determine
the effect of the elevated temperatures on both the CdS host and Mn PL of the core and core/shell
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NPLs. Sample FWHM, peak position, and PL QY were tested to determine the extent of NPL
degradation.

Figure S2.7. Thermal stability assessment of CdS core NPLs at (a) 200 ˚C and (b) 220 ˚C as well
as CdS/ZnS core/shell NPLs at (c) 220 ˚C annealed for 0-3 h.
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Figure S2.8. Thermal stability assessment of 0.6% Mn:CdS core NPLs at (a) 200 ˚C and (b) 220
˚C as well as the corresponding Mn:CdS/ZnS core/shell NPLs (Mn: 0.2%) at (c) 220 ˚C annealed
for 0-3 h.
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Figure S2.9. X-band EPR spectra for Mn:CdS core and corresponding Mn:CdS/ZnS core/shell
NPLs grown at 200 ˚C and 220 ˚C during shelling process with final doping concentrations of (a)
0.2%, (b) 0.4%, (c) 0.9%, and (d) 1.5%.
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Figure S2.10. Excitation anisotropy for 0.6-4.7% Mn:CdS core and 0.2-1.5% Mn:CdS/ZnS
core/shell NPLs varying based Mn doping concentration.
Excitation anisotropy was measured using an Edinburgh FLS-980 spectrometer equipped with a
450 W xenon arc lamp and a R928 Hamamatsu photomultiplier tube detector. All samples were
maintained in a homogenous solution of toluene at low optical density (i.e. absorbance < 0.05).
Low concentration samples are necessary to avoid the inner filter effect and detector saturation.
Samples were tested under polarized light emission at a range of wavelengths with core and
core/shell samples tested from 300 nm to the host emission band edge. During polarization
measurements, polarizers are placed between both the excitation beam and PL emission paths
allowing for the detection of vertical and horizontal PL components successively.

P a g e | - 55 -

Figure S2.11. ZnS shell passivation from 120-220 ˚C of Mn:CdS core NPLs to form Mn:CdS/ZnS
core/shell NPLs with final Mn2+ doping concentration of (a) 0.2%, (b) 0.4%, (c) 0.9%, and (d)
1.5%.
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Table S2.1. Experimentally measured time constant for the host and Mn PL of Mn:CdS core and
Mn:CdS/ZnS core/shell NPLs with respect to dopant concentration.
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Figure S2.12. Magnetic susceptibility for (a) 0.6%, (b) 1.1%, (c) 2.5%, and (d) 4.7% Mn:CdS core
as well as (e) 0.2%, (f) 0.4%, (g) 0.9%, and (h) 1.5% Mn:CdS/ZnS core/shell NPLs. The solid
lines are modified Curie Law fits to the data points. The feature at ca. 50 K is an oxygen feature
that is inherently present due to the extremely weak paramagnetic signals.
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Chapter 3
General Strategy for the Growth of CsPbX3 (X = Cl,
Br, I) Perovskite Nanosheets from the Assembly of
Nanorods
Reprinted (adapted) with permission from (Li, Z.-J.; Hofman, E.; Davis, A. H.; Maye, M. M.; Zheng, W., General Strategy for
the Growth of CsPbX3 (X = Cl, Br, I) Perovskite Nanosheets from the Assembly of Nanorods. Chem. Mater 2018, 30 (11), 38543860.). Copyright (2018) American Chemical Society

3.1 Introduction
The rapid development in colloidal perovskite nanomaterials has led to great interest in lowdimensional nanostructures.64, 90, 200-210 Compared with zero-dimensional (0-D) and 1-D perovskite
nanocrystals (NCs), 2-D perovskite nanoplatelets (NPLs) and nanosheets (NSs) have distinct
properties including narrow absorption and emission spectra, excellent charge transport properties,
and large lateral sizes that can be easily integrated into optical or electronic devices.64, 90, 207-216 To
date, most studies on perovskites focused on organic–inorganic hybrids due to their outstanding
performance in photovoltaic cells.130 Impressive progress has been made in synthesizing highquality organic–inorganic hybrid perovskites NPLs and NSs with well-defined morphologies and
composition.

65, 217, 218

As poor material stability currently limits wide applications of organic–

inorganic hybrid perovskites, all-inorganic lead halide based perovskites CsPbX3 (X = Cl, Br, I)
are considered as favorable candidates for future devices due to their enhanced thermal and
moisture stabilities and excellent optoelectronic properties.219-221 However, the growth of
advanced-shaped all-inorganic perovskites CsPbX3 NCs remains challenging.
So far, 0-D and 1-D CsPbX3 (X = Cl, Br, I) perovskite NCs have been successfully
synthesized.6, 11, 200-202, 222-226 Recently, many efforts have been devoted to the growth of 2-D
CsPbBr3 NPLs and NSs.206,

208, 210

For instance, Yang et al. observed the evolution of
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CsPbBr3 nanocubes to a mixture of nanorods (NRs) and square-shaped NSs with increasing
reaction time.200 Alivisatos et al. reported the lateral oriented attachment of CsPbBr3 NPLs to form
CsPbBr3 NSs.90 Manna et al. reported a ligand-mediated synthesis of CsPbBr3 NPLs with lateral
sizes up to a few micrometers.209 Despite the success in formation of 2-D CsPbBr3 NCs, 2-D
CsPbCl3 and CsPbI3 NCs can only be obtained by anion exchange in the presence of Cl– and
I– anions.90,

209

The direct growth of 2-D CsPbCl3 and CsPbI3 perovskite NCs is still very

challenging, and a general growth method for 2-D CsPbX3 NPLs and NSs has not yet been
realized.
Here, we report a two-step process to grow a series of 2-D CsPbX3 (X = Cl, Br, I) NCs
with thickness in the range 3–6 nm and lateral dimensions from ∼100 nm to ∼1 μm (Figure 1a).
In the first step, we synthesized 1-D CsPbX3 (X = Cl, Br, I) nanorods (NRs) by reacting Cs-oleate
with PbX2 (X = Cl, Br, I) in a mixture of long-chain capping ligands (oleic acid and oleylamine),
shorter ligands (octanoic acid and octylamine), and octadecene at 80–120 °C for 5–10 s.
Subsequently, we grew 2-D CsPbX3 NPLs and NSs by the assembly of corresponding NRs in a
Teflon-lined stainless-steel autoclave under solvothermal condition at 160 °C for 1–5 h. To the
best of our knowledge, this work describes the first general strategy for the growth of 2-D
CsPbX3 (X = Cl, Br, I) perovskite NCs without the assistance of anion exchange, reported to date.

3.2 Materials and Methods
3.2.1 Chemicals and Materials
Cesium carbonate (Cs2CO3, 99.9% metals basis, Alfa Aesar,), PbCl2 (99.999%, Alfa Aesar),
PbBr2 (99.999%, Alfa Aesar), PbI2 (99.9%, Alfa Aesar), oleylamine (OAm, technical grade 70%,
Aldrich), oleic acid (OA, technical grade 90%, Aldrich), octanoic acid (OctAc, 99%, Alfa Aesar),
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octylamine (OctAm, 99.5%, Alfa Aesar), 1-octadecene (ODE, technical grade 90%, Aldrich),
hexanes (ACS grade, VWR), toluene (ACS grade, VWR), and acetone (certified ACS, VWR) were
used as supplied.
Preparation of Cesium Oleate Stock Solution. A stock solution of cesium oleate (Cs(oleate))
was prepared following the reported procedure by Manna and co-workers.209 Briefly, Cs2CO3 (120
mg) and OA (6.0 mL) were loaded into a 25 mL 3-neck round-bottom flask and dried under
vacuum at 100 °C for 1 h. The mixture was then heated under argon at 140 °C until all
Cs2CO3 reacted with OA. The Cs(oleate) solution was stored at room temperature and was
preheated to 140 °C just before use in perovskite CsPbX3 nanorods (NRs) synthesis.

3.2.2 Hot-Injection Synthesis of CsPbX3 (X = Cl, Br, I) Nanorods
The syntheses of CsPbX3 (X = Cl, Br, I) NRs were performed by reacting Cs-oleate with PbX2 (X
= Cl, Br, I) in ODE containing a mixture of long-chain capping ligands (oleic acid and oleylamine)
and shorter ligands (octanoic acid and octylamine). In a typical reaction, PbX2 (X = Cl, Br, I; 54
mg of PbCl2, 72 mg of PbBr2, or 92 mg of PbI2), ODE (6.0 mL), OA (0.5 mL), OAm (0.5 mL),
OctAc (0.1 mL), and OctAm (0.1 mL) were loaded into a 25 mL 3-neck flask and heated to 100
°C under vacuum for 30 min. Then, the reaction mixture was refilled with argon and reacted for
another 30 min at 120 °C. The temperature was then set at 120 °C for PbCl2, 100 °C for PbBr2,
and 80 °C for PbI2, and Cs(oleate) (0.45 mL) was swiftly injected to form NRs in 5–10 s. The
solution was cooled down to room temperature by immersion in a water bath. The growth of 1-D
CsPbBr1.5I1.5 alloy NRs followed the same procedure, except Cs(oleate) (0.45 mL) was injected
into a mixture of 36 mg of PbBr2 and 46 mg of PbI2 at 100 °C.
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3.2.3 Solvothermal Synthesis of CsPbX3 (X = Cl, Br, I) Nanosheets
The formed solution of CsPbX3 NRs was transferred to an Ar-filled glovebox and loaded into a 10
mL Teflon-lined autoclave without any purification. The autoclave was sealed and maintained at
160 °C for the required reaction time (1–5 h). The autoclave was then quickly cooled down to
room temperature using an ice bath. Finally, the solution was transferred to a centrifuge tube and
centrifuged at 2000 rpm for 5 min. The resulting precipitate was redispersed in 2 mL of toluene
for further use. The growth of 2-D CsPbBr1.5I1.5 alloy NPLs and NSs followed the same procedure
as the 2-D CsPbX3 (X = Cl, Br, I) NCs.

3.3 Results and Discussion
3.3.1 Morphological and optical response of CsPbX3 (X = Cl, Br) Nanorods to
solvothermal treatment
Our initial analysis focuses on the 2-D CsPbCl3 and CsPbBr3 NCs because of the great similarity
between their growth processes. The growth of 2-D CsPbI3 NCs will be discussed separately due
to the fast reaction kinetics, rapid phase transition, and different morphology evolution of
CsPbI3 NCs. The detailed synthesis of 2-D CsPbX3 (X = Cl, Br, I) NCs is given in the Section 3.2.
Typical transmission electron microscopy (TEM) images of CsPbCl3 and CsPbBr3 1-D NRs and
2-D NCs are shown in Figure 3.1. Figure 3.1b,f shows both CsPbCl3 and CsPbBr3 1-D NRs are 80
± 40 nm in length and 3 ± 1 nm in diameter. Interestingly, the shapes of CsPbCl3 and CsPbBr3 1D NRs changed to 2-D NPLs after relatively short solvothermal treatment times of 2 and 3 h,
respectively (Stage I, Figure 3.1c and Figure S3.1a for CsPbCl3; Figure 3.1g and Figure S3.1b for
CsPbBr3). The 2-D CsPbCl3 and CsPbBr3 NPLs are square in shape with edge lengths of ∼100
nm. It should be noted that the NRs and thin NPLs are unstable under electron beam irradiation
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during TEM measurements. The as-prepared NPLs can be partially destroyed by the high-energy
electron beam and form dark metallic lead particles (Figure 3.1).64, 207

Figure 3.1. (a) Schematic of the formation of 2-D CsPbX3 NPLs and NSs by the oriented
attachment of CsPbX3 NRs. TEM images of (b) CsPbCl3 and (f) CsPbBr3 NRs synthesized in
three-neck round-bottom flasks under atmospheric pressure. TEM image of 2-D CsPbCl3 NCs
grown in Teflon-lined autoclaves at 160 °C for (c) 2.0 h (NPLs), (d) 2.5 h (large NPLs), and (e)
3.0 h (NSs). TEM images of CsPbBr3 NCs grown in Teflon-lined autoclave at 160 °C for (g) 3.0
h (NPLs), (h) 4.0 h (large NPLs), and (i) 5.0 h (NSs).
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However, with extremely short electron beam exposure time (with the risk of imperfect
focus of the beam), square shaped NPLs with much fewer metal lead particles can be seen (Figure
S3.2). Atomic force microscopy (AFM) measurements further confirmed that the as-prepared
CsPbCl3 in Stage I are NPLs with a thickness of ∼3.5 nm (Figure 3.2a,c), which includes two
layers of surface ligands. The similar length of the 1-D NRs with the lateral length of 2-D NPLs
as well as the similar diameter of the 1-D NRs to the thickness of the 2-D NPLs suggest that the
2-D NPLs (Stage I) were formed as the result of the assembly of NRs. Both experimental results
and theoretical modeling have shown that self-assembly and sintering can occur on stacked
NCs,210, 227-230 which is a thermodynamically driven process to reduce the surface energy of NCs.

Figure 3.2. AFM images of 2-D CsPbCl3 (a, Stage I) NPLs and (b, Stage III) NSs. (c, d) Height
profiles represent the heights obtained from the AFM images in 2-D CsPbCl3 (a, Stage I) NPLs
and (b, Stage III) NSs along the blue, red, and green lines, respectively.
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With the increasing solvothermal treatment time, both the 2-D CsPbCl3 and CsPbBr3 NCs
exhibit larger irregular NPLs (Stage II, Figure 3.1d,h, highlighted with yellow dotted lines)
accompanied by small NPLs as obtained in Stage I. Much larger CsPbCl3 and CsPbBr3 NSs can
be obtained with extended solvothermal treatment time of ∼3 and 5 h, respectively, with relatively
broad lateral size distribution centered at ∼600 nm (Stage III, Figure 3.1e,i). In addition to the
increased lateral dimensions, the thickness of the CsPbCl3 NSs increased to ∼6 nm based on AFM
measurements (Figure 3.2b,d), which is nearly doubled compared with that of the corresponding
NPLs obtained in stage I. The thicknesses of 2-D CsPbBr3 NCs are similar to those of CsPbCl3 on
each growth stage based on the emission peak position.203 It should be noted that further extended
solvothermal treatment time could lead to damaged NSs without well-defined morphology and
lateral sizes (Figure S3.3 and S3.4).
The growth of 2-D CsPbCl3 and CsPbBr3 NCs by self-assembly of corresponding 1-D NRs
can be further supported by optical and structural characterization (Figure 3.3 and Figure S3.5).
For example, the 1-D CsPbCl3 NRs reveal a sharp excitonic absorption feature at 372 nm and a
photoluminescence (PL) peak at 386 nm with a full width at half maxima (fwhm) of 20 nm (Figure
3.3a,b). The CsPbCl3 NPLs in stage I have an absorption peak at 388 nm with a long tail on the
longer wavelength side, which originates from the scattering of the large 2-D NCs. It should be
noted that the large size of the 2-D NPLs also leads to a limited colloidal stability, in which 2-D
NCs slowly precipitate out of solution after a couple of hours without agitation. A sharp PL peak
of the CsPbCl3 NPLs (Stage I) was observed at 392 nm with a much narrower fwhm of 9 nm
compared with 20 nm for the NRs (Figure 3.3a,b), which reflects the uniform distribution in
thickness of typical 2-D quantum wells. In addition, a small Stokes shift for CsPbCl3 NPLs (23
meV) suggests the PL originates from the bound exciton recombination through strong quantum
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confinement along the thickness of the thin NPLs.90, 208, 209 For the 2-D CsPbCl3 NPLs obtained in
Stage II, the absorption spectrum exhibits two distinct peaks at 388 and 407 nm, while the PL
spectrum exhibited two emission peaks at 392 and 409 nm with fwhm of 9 and 11 nm, respectively,
which is consistent with the mixture of thin NPLs and thicker NSs as shown in the TEM data
(Figure 3.1d). The slightly larger fwhm of NSs compared to that of NPLs might be due to a wider
size distribution of large NSs. In Stage III, the 2-D CsPbCl3 NSs have an excitonic absorption
feature at 408 nm and a single PL peak at 409 nm with ∼11 nm fwhm.

Figure 3.3. UV–vis (dotted line) and PL (solid line) (a) spectra and (c) XRD patterns of 1-D
CsPbCl3 NRs obtained by a hot-injection method at 120 °C and 2-D CsPbCl3 NCs obtained with
different solvothermal treatment time at 160 °C. (b) PL fwhm and (d) XRD intensity ratio of (200)
and (110) peaks of 1-D and 2-D CsPbBr3 NCs at different growth stages.
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The PL quantum yields (QYs) of the 2-D CsPbCl3 NCs increased from ∼1.3% for 1-D
CsPbCl3 NRs to ∼1.8% for 2-D CsPbCl3 NPLs (Stage I); then, the PL QY gradually decreased to
∼1.4% and ∼0.8% for 2-D NPLs (Stage II) and 2-D NSs (Stage III), respectively (Figure S3.5).
The increase in PL QY for 2-D CsPbCl3 NPLs (Stage I) compared to 1-D CsPbCl3 NRs could be
understood as an increase in crystallinity (less surface defects) after solvothermal treatment at high
temperatures,231 while the decrease in PL QY for 2-D CsPbCl3 NCs (Stages II and III) can be
attributed to decreased quantum confinement from the 2-D NPLs to the thicker 2-D NSs in Stages
II and III.193
The PL lifetime shows a similar trend to the PL QY (Figure S3.5, Table S3.1). The PL
lifetime increased from ∼6.8 ns for 1-D CsPbCl3 NRs (386 nm peak) to ∼10.1 ns for 2-D
CsPbCl3 NPLs (Stage I, 392 nm peak), followed by the decrease of PL lifetime to ∼8.0 ns for 2-D
NPLs (Stage II, 392 nm peak). The change of PL lifetime (386–392 nm peaks) from the 1-D NRs
to 2-D NPLs can also be attributed to the level of defect sites in CsPbCl3 NCs.231 Therefore, the
more defect sites in the NCs, the lower PL QY and shorter PL lifetime of the NCs.
X-ray diffraction (XRD) of the CsPbCl3 NCs (Figure 3c) indicates the cubic phase
CsPbCl3 for both 1-D and 2-D CsPbCl3 NCs. The peak intensity ratio of (200) at 31.9° and (110)
at 22.4° changes from ∼0.5 in 1-D CsPbCl3 NRs to 3.0 for 2-D CsPbCl3 NPLs (Stage I). The
increased relative peak intensity of (200) diffraction from the 1-D NRs to the 2-D NPLs indicates
the growth of 2-D NPLs along the (200) plane (perpendicular to [100] direction) as a result of the
1-D NR assembly. However, for the following 2-D CsPbCl3 growth stages II and III, the intensity
ratio of (200) and (110) continuously decreased to 2.0 and 1.7, respectively. Since the growth of
2-D NCs is along the (200) plane, the decreased relative intensity of (200) diffraction suggests an
increase in thickness of the 2-D CsPbCl3 NPLs (along [100] direction) to form thicker NSs. The
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thicker NSs in the later stage (II and III) from XRD analysis are consistent with the AFM data as
well as the red-shifted PL (Figure 3.3a), due to the decreased quantum confinement effects on the
NSs.
The optical and XRD data of CsPbBr3 NRs, NPLs, and NSs (Figure S3.6) during the
growth stages show very similar trends as those of CsPbCl3 NCs except for the red-shifted
absorption and PL peaks due to the smaller band gap of CsPbBr3 compared with that of CsPbCl3.
For example, a single PL peak at ∼467 nm with a narrow fwhm (13 nm) was observed for
CsPbBr3 NPLs (Stage I). In Stage II, the transition from NPLs to NSs is evidenced by TEM data
analysis, and the emergence of a second PL peak was observed. Finally, large NSs with only one
PL peak can be obtained with longer solvothermal growth time. The PL QY and PL lifetime of 2D CsPbBr3 (Figure S3.7, Table S3.2) and 2-D CsPbBr1.5l1.5 NCs (as discussed below, Figure
S3.16, Table S3.4) show a similar trend as those for CsPbCl3 NCs with increased PL QY and
lifetime from 1-D NRs to 2-D NPLs (Stage I), followed by decreased PL QY and lifetime for NSs
with further solvothermal treatment. The data and detailed analysis are given in the supporting
information (SI).
It should be noted that the solvothermal conditions, with elevated temperature and pressure,
are critical to the formation of 2-D CsPbCl3 and CsPbBr3 NCs.210, 227-230 When the synthesis was
conducted in a round-bottom flask under atmospheric pressure instead of an autoclave under
solvothermal conditions, the product consisted of irregular but close to spherical-shaped NCs with
no 2-D NCs forming (Figure S3.8 and S3.9). In contrast, the relatively high pressure under
solvothermal condition can facilitate the spatial constraint by decreasing the viscosity of the
growth medium and the free volume available for 1-D NRs,229, 232, 233 which induces 1-D to 2-D
shape transition from the assembly of the NRs. At an early growth stage (Stage I), the pressure in
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solvothermal systems can drive the oriented attachment and fusion of thin NRs preferentially at
the relatively high-energy (110) facets into small 2-D NPLs. The formation of larger
CsPbBr3 NSs90 and SnTe NRs234 by oriented attachment has been previously reported. In the
following assembly process (Stage II), irregular NPLs can be formed by lateral crystallographic
oriented attachment of small NPLs and stacking of two layers of thin NPLs. Finally, with longer
reaction times, larger NSs (Stage III) can be formed from a self-limited assembly, oriented
attachment, and fusion of NPLs under the solvothermal generated pressure.233,
phenomena

have

been

observed

in

the

pressure-induced

growth

235

Similar

of

2-D

CsPbBr3,210 CH3NH3PbBr3,230 and SnO2 superstructures.229

3.3.2 Morphological and optical response of CsPbI3 Nanorods to Solvothermal
Treatment
The 2-D CsPbI3 NPLs can also be obtained using the assembly of CsPbI3 NRs under
solvothermal conditions (Figure 4). However, the growth of CsPbI3 NPLs requires less
solvothermal treatment time (<1.5 h) compared with those for CsPbCl3 and CsPbBr3 NPLs due to
the fast reaction kinetics and rapid phase transition from the cubic to orthorhombic phases
identified by a color change from dark red to yellow.200 We found that the cubic phase 1-D
CsPbI3 NRs can be obtained at relatively low temperature at 80 °C, which is evidenced by the red
color and the XRD pattern shown in Figure 3.4f. Figure 4b shows the obtained CsPbI3 NRs have
an average length and diameter of ∼100 ± 50 and ∼4 ± 1 nm, respectively. Under short
solvothermal treatment time (∼1 h), square-shaped 2-D CsPbI3 NPLs with edge length of 200 ±
50 nm were obtained (Figure 3.4c). The optical data of the 1-D CsPbI3 NRs and 2-D NPLs are
shown in Figure S3.10.
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Figure 3.4. (a) Schematic of the morphology change of CsPbI3 NCs along with increasing
solvothermal reaction time. (b) TEM image of 1-D CsPbI3 NRs obtained in a three-neck roundbottom flask under atmospheric pressure. TEM images of CsPbCl3 NCs obtained after (c) 1.0 h
(stage I), (d) 1.5 h (Stage II), and (e) 2 h (Stage III) grown in a Teflon-lined autoclave at 160 °C.
(f) XRD patterns of the CsPbI3 NCs (shown in parts b–e). The stars in part f indicate the diffraction
peaks from cubic phase CsPbI3, and the diamonds indicate the diffraction peaks from orthorhombic
phase CsPbI3.
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It should be noted that, however, a portion of the CsPbI3 NCs underwent phase transition
from fluorescent active cubic phase NCs (in red) to nonphotoactive orthorhombic phase (in yellow)
with longer solvothermal reaction times as indicated by the mixed phases in XRD data (Figure
3.4f). In this case, both 2-D CsPbI3 NPLs and 1-D NRs were obtained as shown in the TEM image
(Figure 3.4d). This could be due to the phase transition of CsPbI3 to form orthorhombic CsPbI3,
which does not have a 3-D corner-sharing PbI6 network, but instead contains ribbons of edgeconnected PbI6 octahedra with only quasi-2-D connectivity.236 The different phases of CsPbI3 NCs
can have entirely different growth mechanisms and therefore form different morphologies of NCs.
For the solvothermal treatment more than 2 h, only 1-D NRs can be observed without any 2-D
CsPbI3 NCs (Figure 3.4e and Figure S3.11). The 1-D NRs are yellow and confirmed to be in the
orthorhombic phase CsPbI3 by XRD analysis. The PL QY and PL lifetime of 2-D CsPbI3 NPLs
are given in Figure S12 and Table S3. The results show the continuous decrease of PL QYs from
∼20% for 1-D CsPbl3 NRs, to ∼12% for 2-D CsPbl3 NPLs in Stage I, to ∼3% for CsPbl3 NCs in
Stage II, and ∼0% for the NCs in Stage III, respectively. The progressive decreasing in PL QY is
mainly attributed to the phase transition from fluorescent active cubic phase CsPbI3 to
nonfluorescent active orthorhombic CsPbI3. The PL lifetime also shows a similar decreasing trend
(Table S3.3) for the phase transition and decrease of PL QY of CsPbl3 NCs.
In addition, phase transition from cubic to orthorhombic CsPbI3 can also be observed for
syntheses in round-bottom flasks under atmospheric pressure, where only 1-D CsPbI3 NRs were
obtained (Figure S3.13). It is worth noting that even the cubic phase 2-D CsPbI3 NPLs could be
obtained in Stage I of the solvothermal treatment; however, phase transition to orthorhombic phase
can be observed after 2 days when the NPLs were stored under ambient conditions (Figure S3.14).
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Interestingly, the growth of cubic phase CsPbBr1.5I1.5 alloy NPLs and NSs can be achieved
by the assembly of CsPbBr1.5I1.5 nanorods without phase transition (Figure 3.5). TEM images show
the formation of 2-D CsPbBr1.5I1.5 alloy NPLs (Figure 3.5b, Stage I) and NSs (Figure 3.5d, Stage
III) with increasing solvothermal reaction time at 160 °C. Both the XRD pattern (Figure 3.5e) and
the red color of the NCs can confirm the maintenance of the cubic phase of the CsPbBr1.5I1.5 alloy
NCs. In addition, the optical spectra (Figure S3.15) and XRD results (Figure 3.5e,f) indicate the
similar shape evolution of CsPbBr1.5I1.5 alloy NCs as demonstrated in the cases of 2-D
CsPbCl3 and CsPbBr3 NCs. The cubic phases of the perovskite CsPbBr1.5I1.5 alloy NPLs are
fluorescent active and have great potential in practical photovoltaic applications.220, 221

Figure 3.5. TEM images of (a) 1-D CsPbBr1.5I1.5 NRs, and 2-D CsPbBr1.5I1.5 NCs obtained after
(b) 1.0 h, (c) 1.5 h, and (d) 2.5 h of growth in a Teflon-lined autoclave at 160 °C. (e) XRD patterns
of 1-D CsPbBr1.5I1.5 NRs obtained by a hot-injection method at 100 °C and 2-D CsPbBr1.5I1.5 NCs
obtained after 1.0 h (Stage I), 1.5 h (Stage II), and 2.5 h (Stage III) growth in a Teflon-lined
autoclave at 160 °C. Note: the diffraction peaks of cubic CsPbBr1.5I1.5NCs should locate between
the standard diffraction peaks of cubic CsPbI3 and CsPbBr3.11, 14 (f) XRD intensity ratio ((200) to
(110) peaks) of 1-D NRs and 2-D CsPbBr1.5I1.5 NCs at different growth stages.
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3.4 Conclusions
In summary, we report a general solvothermal route to grow a series of 2-D CsPbX3 (X = Cl, Br,
I) perovskite NPLs and NSs through the assembly of corresponding 1-D NRs by an oriented
attachment of the adjacent face of the NRs. The solvothermal method takes advantage of the
elevated pressure generated inside the sealed autoclave at moderate temperatures, which can
facilitate the assembly of NRs and thin NPLs to eliminate high-energy surfaces and therefore
reduce the total surface energy of the NCs. The broad lateral size range of the 2-D CsPbX3 (X =
Cl, Br, I) NPLs and NSs obtained by the solvothermal route can provide more opportunities to
utilize 2-D all-inorganic perovskite NCs for further applications in photovoltaic cells and optical
and electronic devices.

3.5 Supporting Information

Figure S3.1. Large area TEM images of 2-D NPLs obtained in Stage I for (a) the CsPbCl3 and (b)
the CsPbBr3 NPLs.
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Figure S3.2.TEM images of 2-D NPLs obtained in Stage I for (a) the CsPbCl3 NPLs and (b) the
CsPbBr3 NPLs obtained under weak electron beam irradiation with short beam exposure time (with
the risk of imperfect focus of the beam).

Figure S3.3. UV-Vis (blue line) and PL (red line) spectra (a) and TEM image (b) of CsPbCl 3
samples obtained after 5 h growth under solvothermal condition at 160 °C, containing damaged
NSs without well-defined morphology and lateral size.
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Figure S3.4. UV-Vis (blue line) and PL (red line) spectra (a) and TEM image (b) of CsPbBr3
samples obtained after 8 h growth under solvothermal conditions at 160 °C, showing damaged
NSs without well-defined morphology and lateral size, even though a single absorption and
emission peak (centered ∼523 nm) can be maintained.

Figure S3.5. (a) PL QY and (b) PL lifetime of 2-D CsPbCl3 NCs under different stages; (c) The
comparison of average PL lifetime in 2-D CsPbCl3 NCs under different stages.
Table S3.1. PL lifetime of 2-D CsPbCl3 NCs at different growth stages.
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Figure S3.6. UV-Vis (dotted line) and PL (solid line) spectra (a) and XRD patterns (c) of 1-D
CsPbBr3 NRs obtained by a hot-injection method at 100 °C and 2-D CsPbBr3 NCs obtained with
different solvothermal treatment times (Stage I: 3.0 h; Stage II: 4.0 h; Stage III: 5.0 h) at 160 °C;
(b) PL fwhm and (d) the XRD intensity ratio ((200) to (110) peaks) of 1-D CsPbBr3 NRs and 2-D
CsPbBr3 NCs at different growth stages.
The 1-D CsPbBr3 NRs reveal a sharp excitonic absorption feature at 435 nm and a PL peak
at 445 nm with a full width at half maxima (fwhm) of 21 nm (Figure S3.6a). The CsPbBr3 NPLs
in stage I have an absorption peak at 462 nm and a sharp PL peak at 467 nm with a much narrower
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fwhm of 13 nm compared with 21 nm for the NRs (Figure S3.6b). The small Stokes shift of
CsPbBr3 NPLs (29 meV) suggests the PL originates from the bound exciton recombination from
the strong quantum confinement along the thickness of the thin NPLs.90, 208, 209 For the CsPbBr3
NPLs obtained in Stage II, a small but discernible shoulder peak at ∼520 nm was observed in
addition to the absorption feature at 462 nm. The PL spectrum of the NPLs exhibited two peaks at
467 and 523 nm with fwhm of 14 and 16 nm, respectively, which is constant with the mixture of
thin NPLs and thicker NSs, as shown in the TEM data. For the CsPbBr3 NSs obtained in Stage III,
the absorption is similar to that of NPLs in Stage II except for a more intense shoulder peak at
∼520 nm. The PL spectrum of the NSs exhibits a single emission peak at ∼523 nm with fwhm of
16 nm.
X-ray diffraction (XRD) of the CsPbBr3 NCs (Figure S3.6c) indicate the cubic phase
CsPbBr3 for both 1-D and 2-D CsPbBr3 NCs. The peak intensity ratio of (200) at 30.6° and (110)
at 21.5° changes from ∼1.0 in 1-D CsPbBr3 NRs to 2.7 for 2-D CsPbBr3 NPLs (Stage I). The
increased relative peaks intensity of (200) diffraction from the 1-D NRs to the 2-D CsPbBr3 NCs
indicates the growth of 2-D NCs along the (200) plane as the result of the 1-D NR assembly. For
the following 2-D CsPbBr3 growth stage II and III, the intensity ratio of (200) and (110)
continuously decreased to 2.2 and 1.8, respectively, which suggests an increase in thickness of 2D CsPbBr3 NPLs to form larger NSs.
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Figure S3.7. (a) PL QY and (b) PL lifetime of 2-D CsPbBr3 NCs under different stages; (c) The
comparison of average PL lifetime in 2-D CsPbBr3 NCs under different stages.

Table S3.2. PL lifetime of 2-D CsPbBr3 NCs at different growth stages.

Control experiments of NC synthesis under atmospheric pressure. We conducted the synthesis
of CsPbCl3 and CsPbBr3 NCs in a round bottom flask under atmospheric pressure instead of in a
Teflon-lined stainless-steel autoclave. The reactions were performed at the same temperature as
the original solvothermal reactions. During the reaction process, a small aliquot of solution was
taken and diluted into 1 mL toluene for absorption and PL measurements. When the absorption
and PL show a similar profile as the 2-D CsPbCl3 and CsPbBr3 NCs obtained under solvothermal
treatment, the rection was quenched and the products were purified for TEM measurements. The
TEM only shows irregular spherical shaped NCs with very board size distribution and no 2-D NCs
formation (Figure S3.8 and S3.9).
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Figure S3.8. UV-Vis (a) and PL (b) spectra of CsPbCl3 NCs grew with extended time in a threeneck round-bottom flask under atmospheric pressure; (c) TEM image of CsPbCl3 NCs obtained
after 40 min in three-neck round-bottom flask under atmospheric pressure.

Figure S3.9. UV-Vis (a) and PL (b) spectra of CsPbBr3 NCs grown with extended time in a threeneck round-bottom flask under atmospheric pressure; (c) TEM image of CsPbBr3 samples obtained
after 100 min in three-neck round-bottom flask under atmospheric pressure.

P a g e | - 79 -

Figure S3.10. UV-Vis (dotted line) and PL (solid line) spectra of 1-D CsPbI3 NRs obtained after
injection of Cs(oleate) in a three-neck round-bottom flask at 80 °C, and CsPbI3 NCs obtained with
different solvothermal treatment time at 160 °C (∼1 h for stage I, ~1.5 h for stage II, and ~2 h for
stage III).
The 1-D CsPbI3 NRs reveal an excitonic absorption feature at 586 nm, while a broad PL
peak was observed at ∼596 nm (Figure S3.10). The absorption spectrum of the 2-D NPLs exhibits
two peaks centered at 430 nm and 596 nm. The high-energy absorption peak stems from excitonic
emission of the orthorhombic phase, but the low-energy peak can be attributed to the cubic
phase.200 However, the PL spectrum exhibited only one peak centered at 665 nm, which could be
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understood by considering the phase transition from fluorescent active cubic phase NCs (in red
color) to non-photoactive yellow orthorhombic phase of a minor portion of the CsPbI3 NCs at stage
I (evidenced by the XRD pattern shown in Figure 3.4f). With longer solvothermal treatment (stage
II), the PL spectrum exhibits two distinct PL peaks centered at 455 nm and 666 nm, respectively.
The XRD pattern shows both cubic and orthorhombic phases were present in stage II, while TEM
image (Figure 3.4d) show both of 2-D CsPbI3 NPLs and large 1-D CsPbI3 NRs were obtained.

Figure S3.11. UV-Vis (blue line) and PL (red line) spectra (a) and TEM image (b) of CsPbI3
obtained more than 2 h growth under solvothermal condition at 160 °C.

Figure S3.12. (a) PL QY and (b) PL lifetime of CsPbl3 NCs under different stage; (c) The
comparison of average PL lifetime in CsPbI3 NCs under different stages.
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Table S3.3. PL lifetime of 2-D CsPbI3 NCs at different growth stages.

Figure S3.13. UV-Vis (a) and PL (b) spectra of CsPbI3 NCs grown with extended time in a threeneck round-bottom flask under atmospheric pressure; (c) TEM image of CsPbI3 NRs obtained after
30 min in a three-neck round-bottom flask under atmospheric pressure.

Figure S3.14. Optical images of the fresh CsPbI3 NCs in toluene (left), 2 days (middle) and 6 days
(right) after synthesis under ambient conditions.
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Figure S3.15. UV-Vis (dotted line) and PL (solid line) spectra of 1-D CsPbBr1.5I1.5 NRs obtained
by a hot-injection method at 100 °C, and 2-D CsPbBr1.5I1.5 obtained after 1.0 h (Stage I), 1.5 h
(Stage II) and 2.5 h (Stage III) growth in a Teflon-lined autoclave at 160 °C.
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Figure S3.16. (a) PL QY and (b) PL lifetime of CsPbBr1.5l1.5 NCs under different stage; (c) The
comparison of average PL lifetime in CsPbBr1.5l1.5 NCs under different stages.

Table S3.4. PL lifetime of CsPbBr1.5l1.5 NCs at different growth stages.

3.6 Synthetic Investigation of the Surface-Ligand Interactions on Nanocrystal
Growth during Solvothermal Treatment
The method elucidated in the preceding partitions of Chapter 3, involved the synthesis of allinorganic CsPbX3 (X = Br, Cl, I) NRs using a hot injection method in a solution containing a
mixture of short and long chain ligands (octylamine, octanoic acid, oleic acid, and oleylamine),
followed by the post-synthetic solvothermal treatment of the unpurified NRs to produce high
quality NPLs and NSs based on the reaction time and temperature utilized. The resulting NPLs
and NSs were highly monodisperse and easily separable from solution using simple cleaning
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methods. This was the first case of a general method that was capable of synthesizing CsPbX3 (X
= Br, Cl, I) NPL and NS.
After further synthetic manipulation, it was determined that the reaction could be improved
toward a more facile approach. This method would then be used to study changes in the surface
chemistry of these materials, as the synthesis proceeded, to develop a greater understanding of the
effects the ligand environment has on the formation of NPLs and NSs from the original NRs. As
such, thermal gravitational analysis (TGA), powder X-ray diffraction (XRD), photoluminescent
(PLS), absorbance, and fluorescent lifetime spectroscopy, Fourier-transform infrared spectroscopy
(FTIR), atomic force microscopy (AFM), 3D nuclear magnetic resonance spectroscopy (NMR),
transmission electron microscopy (TEM), and a potentiostat electrochemical analysis would be
used to monitor the resulting optical, morphological, structural, and electrochemical properties
while studying changes to the surface environments of our nanomaterials to further understand the
effect the ligand have on these properties and on the surface chemistry toward the formation of
more complex 2D crystal systems.
The synthesis remained the same as the reaction outlined in Section 3.2, however, the hotinjection reaction for the CsPbX3 NRs was simplified by instead injecting the Cs-oleate precursor
at room temperature. By simplifying this step of the reaction, the NRs produced should be more
monodisperse as any variance in the temperature of the hot-injection method has been eliminated.
This reaction produced small monodisperse NRs as seen in Figure 3.6. The following solvothermal
synthesis proceeded the same as previously, resulting in the formation of NPLs and NSs after 1 –
3 hrs and 3 – 8 hrs of solvothermal treatment, respectively.
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Figure 3.6. A schematic representation displaying the transition from the premade precursor
solution to the LARP reaction and post-synthetic solvothermal treatment. Representative TEM
images of the CsPbBr3 untreated NRs (yellow), as well as solvothermal treated NRs (teal), NPLs
(blue), and NSs (green) at 0.5 h, 2.5 h, and 4 h of solvothermal treatment at 160 °C, respectively,
are presented to further represent the resulting NC morphology.
The transition from NRs, to NPL and NSs can be easily observed via optical spectroscopy,
showing a transition from the single broad untreated NRs to a narrow NPLs emission around 465
nm which then could be seen transitioning to the equally narrow NSs emission around 521 nm
(Figure 3.7a). The red-shift observed with the grown of NSs indicates that the NSs are thicker than
their NPL counterparts likely due to stacking behavior often observed in 2D NCs with the
increased pressure and temperature under solvothermal conditions causing the stacked NPLs to
react along their surface planes forming the thicker NSs. This behavior would also explain the
increase in lateral dimensions observed in the TEM images above as the NPLs stack and bine to
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one another laterally. The transition from 1D NRs to 2D NPLs can also be observed by the
decreasing FWHM of the resulting emission peak, with the NRs expressing a broad ~ 20 nm
emission while the NPLs of uniform thickness emit in a range of only ~7 nm (Figure 3.7b). A stark
increase in FWHM can be observed at ~5 h treatment, which can be understood as the effects of
defect broadening the 465 nm peak as the peak becomes less prominent and is eventually
eliminated after 8 h of treatment, leaving only NSs in solution. The peak intensity ratio shows this
transition in a simplified manor, with a 99% conversion being observed after 8h (Figure 3.7c).
The full spectral shift with changing morphology can be observed in Figure 2d that makes
the transition from NRs to NPLs slightly more revealing, showing a slight red-shift of ~9 nm can
be in the optical spectra likely due to unreacted precursor causing the formation of longer NRs
which then form into the NPLs. However, after the NPL and NS formation, neither peak shifts
from within a nm or two of the original peak positions (Figure 3.7e). This indicates that the NPLs
the NSs do not further increase in thickness upon increased treatment time, showing generally
high-quality NC formation and relatively high stability. With high-quality optically active
semiconductor NCs comes increased photoluminescent quantum yield (PL QY), with a general
increase in PL QY being observed throughout the solvothermal reaction process. The original
untreated NRs had a PL QY of only ~6%, likely due to their room temperature synthesis causing
less crystalline materials. However, upon treating the NRs, to form NPLs a PL QY of up to ~30%
could be achieved which further increased to nearly 50% upon NS formation (Figure 3.7f).
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Figure 3.7. Optical and absorption spectra of 1D and 2D CsPbBr3 NCs showing a clear transition
from NRs to NPLs and NSs. (a) Simplified optical spectra showing the key transitions from NRs
(untreated) to NPLs (2 h) with clear distinction toward the slow formation of NSs, with the
eventual replacement of all NPLs to NSs at 8h. (b) Summarized FWHM data for both the peaks
arising around 465 and 521 nm. (c) Representative peak intensity ratio data between the 465 nm
and 521 nm peak. (d) Full spectral data displaying the slow transition from 1D to 2D NCs over an
8 h period. (e) Peak position data in nm for the 465 and 521 nm peaks showing no statistically
relevant shift once NPLs and NSs formed. (f) Summarized PL QY data for the entire 1D to 2D NC
transition.
Further optical spectroscopic analysis was performed in the form of PL lifetime
spectroscopy to observe changes in electron transfer upon structural transition. Generally, the
lifetime decay, represented as τ, increased for both spectral peaks upon increased treatment time.
The 465 nm NPL emission showed a transition from ~2 ns to ~40 ns, with an odd decrease in τ
being observed after 6 hours likely due to decreased PL QY for that peak causing slight variation
in the observed lifetime (Figure 3.8a). On the other hand, the 521 nm NS emission shows a nearly
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linear increase in τ, from approximately 1 µs to 8 µs that seems to follow the increase in PL QY
observed as the peak intensity increases (Figure 3.8b). This lifetime is actually significantly longer
than previously observed spectra for similar samples, with our previously reported results being 3
orders of magnitude shorter than our current results. We do not yet have distinctive results
indicating why this massive increase in lifetime decay has occurred, but we intend to use
electrochemical experiments to narrow down whether or not this large transition is due to charge
transfer properties or otherwise.

Figure 3.8. Fitted photoluminescent lifetime spectroscopic data for CsPbBr3 (a) NRs, NPLs, and
(b) NSs. The insets show averaged lifetime from a set of 5 data points each with representative
error determined by standard deviation.
One key component to our study is an understanding of the effects the ligands play on the
surface chemistry of our representative NCs causing them to transition from 1D to 2D. To do this,
our first step was to determine the relative concentrations of each ligand present on the NC surface.
Much of this work has been left undone as of yet but we were able to generate preliminary data
using thermal gravitational analysis that shows multiple transitions due to short ligand evaporation
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(~150 – 300 °C), long ligand evaporation (~300 – 500 °C), and NC structural degradation (500 –
900 °C) (Figure 3.9a and 3.9b). The spectral range was narrowed in Figure 3.9c and 3.9b to obtain
possible transitions that could be attributed to each ligand, however, there are no clear distinctions
in this region that can be related to one ligand from another. More clear results are necessary using
a narrower spectral range and a much slowing temperature ramping rate to possible obtain our
desired results. With these results, we may be able to determine the general concentration of each
ligand on the surface, which would be make for interesting results when combined with FTIR and
2D NMR results.

Figure 3.9. Thermal gravitational analysis data for CsPbBr3 NR, NPL, and NS samples spanning
from 0 h to 8 h of solvothermal treatment. (a) Broad thermal decay profile of decreasing mass
percent with respect to temperature over a temperature range of 20 to 900 °C, with the respective
mass loss per select temperature range with respect to solvothermal treatment time being displayed
in (b). (c) Narrowed thermal decay profile to focus on the 250 to 500 °C temperature range relative
to the loss of surface bound ligands, with the respective mass loss profile for the 250 to 500°C
temperature range with respect to solvothermal treatment time displayed in (d).
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In conclusion, the initial results for the mechanistic study on the NC surface chemistry
during morphological change are promising. Thus far, we have obtained interesting results
primarily with the CsPbBr3 NC synthesis that shows a distinct shift from NRs to NPLs and NSs
using an updated and simplified NR synthesis with post-synthetic solvothermal treatment
procedure. Our optical results for CsPbBr3 and CsPbCl3 NCs still require further elucidation while
also expanding our current synthesis to include CsPbI3 NCs. Much work is still necessary before
this work will be publishable, including AFM data for structural thickness results, improved TGA
to determine general ligand concentration, FTIR for distinct ligand structural results, 2D NMR for
ligand binding and concentration data, and charge transfer studies to determine the cause of our
elongated lifetime in the NS samples. We anticipated that our AFM data results will likely suggest
that the NSs increase to approximately twice the thickness of our NPLs, due to the NPLs forming
on top of one another.
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Chapter 4
Complete Dopant Substitution by Spinodal
Decomposition in Mn-Doped Two-Dimensional
CsPbCl3 Nanoplatelets
Reprinted (adapted) with permission from (Li, Z. J.; Hofman, E.; Davis, A. H.; Khammang, A.; Wright, J. T.; Dzikovski, B.;
Meulenberg, R. W.; Zheng, W. W., Complete Dopant Substitution by Spinodal Decomposition in Mn-Doped Two-Dimensional
CsPbCl3 Nanoplatelets. Chem. Mater. 2018, 30 (18), 6400-6409.). Copyright (2018) American Chemical Society

4.1 Introduction
Cesium lead halide perovskite (e.g., CsPbX3, X = Cl−, Br−, I−, or mixtures thereof) nanocrystals
(NCs) are a new class of semiconductor materials with promising applications in optoelectronics,
such as light-emitting diodes, photodetectors, and solar cells.220,

223, 237-241

Recently, two-

dimensional (2D) perovskite nanoplatelets (NPLs) have drawn significant interest because of their
ultranarrow absorption and emission peaks, excellent charge transport properties, and large lateral
sizes that could be easily integrated into devices.123,

124, 217

The intentional incorporation of

transition metal ions as dopants offers exciting opportunities to endow perovskite NCs with novel
optical, electronic, and magnetic functionalities.50, 123, 145, 242-248 So far, Mn-doped CsPbCl3 and
CsPbBr3 nanocubes or 2D NPLs by substitutional incorporation of the dopant ion on Pb2+ sites
have been synthesized,50, 123, 124, 243-250 which exhibited Mn emission resulting from the energy
transfer from exciton to Mn2+ ion.
There have been many synthetic methods developed for transition metal ion doped II−VI
NCs, such as using single-source precursors,197, 251 nucleation doping,180 growth doping,252, 253 ion
exchange, and diffusion.159, 183,

254, 255

It has been shown, however, that doping of Mn2+ into

perovskite NCs is difficult most likely due to the large size mismatch between the Mn2+ (97 pm)
dopant and the Pb2+ (133 pm);50 therefore, the doping efficiency can be rather low even with very

P a g e | - 92 -

high concentrations of dopant precursor introduced in the synthesis.50, 244, 245 For example, Parobek
et al. obtained 0.2% doping in CsPbCl3 nanocubes by using extremely high concentrations of Mn
precursor with Mn:Pb in a 3:2 mol ratio.244 In addition, the high activation energies for the
formation of cation vacancies and the lack of interstitial sites for ion diffusion in perovskite NCs242,
256

could account for the very slow cation diffusion compared to anion diffusion in perovskites.14,

248, 257

Furthermore, despite doped 0D NCs being widely studied, doped anisotropic NCs,

especially 2D NCs, have been less explored. Therefore, developing new strategies for efficient
incorporation of dopants in advance-shaped perovskite NCs is required.
Here, we introduce a facile solvothermal method for efficient Mn doping in 2D CsPbCl3
nanoplatelets (NPLs). This strategy not only allows us to improve the doping efficiency through
diffusion doping under solvothermal conditions but also leads to a gradual phase segregation of
pure CsMnCl3 from Mn:CsPbCl3 NPLs by spinodal decomposition. The increased doping
concentration could lead to higher Mn photoluminescence (PL) quantum yields (QY) and stronger
Mn−Mn interactions. The new CsMnCl3 phase with complete dopant substitution is evidenced by
powder X-ray diffraction (XRD) analysis and further supported through a newly distinguished
electron paramagnetic resonance (EPR) peak and X-ray absorption fine structure (XAFS) analysis.
Transmission electron microscopy (TEM) images indicate that the 2D morphology and size of the
NPLs are unchanged before and after phase segregation under solvothermal conditions. While
phase segregation from a uniform crystal via spinodal decomposition can occur in the bulk
materials, this is the first report on the spinodal decomposition in doped 2D NCs while preserving
the original NC shape, to the best of our knowledge. This doping strategy offers a unique platform
to investigate the change in structure and phase of doped 2D perovskite NCs and could offer new
possibilities for property engineering of doped NCs.
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4.2 Pressure Induced Synthesis of Highly Mn-Doped CsPbCl3 NPLs
4.2.1 Materials and Method
Cesium carbonate (Cs2CO3, 99.9% metals basis, Alfa Aesar), PbCl2 (99.999%, Alfa Aesar),
MnCl2 (>99%, Aldrich), oleylamine (OAm, technical grade 70%, Aldrich), oleic acid (OA,
technical grade 90%, Aldrich), 1-octadecene (ODE, technical grade 90%, Aldrich), toluene (ACS
grade, VWR), and acetone (Certified ACS, VWR) were used as supplied.
Preparation of Cesium Oleate Stock Solution. A stock solution of cesium oleate (Cs(oleate))
was prepared followeing a reported method.11 Briefly, Cs2CO3 (130 mg), 1-octadecene (6.0 mL),
and oleic acid (0.5 mL) were loaded into a 25 mL 3-neck round-bottom flask and dried under
vacuum at 100 °C for 1 h. The mixture was then heated under argon at 140 °C until all
Cs2CO3 reacted with OA. The Cs(oleate) solution was stored at room temperature and was
preheated to 140 °C just before use in perovskite 2D Mn:CsPbCl3 NPLs synthesis.
Synthesis of Colloidal 2D Mn:CsPbCl3 NPLs. The syntheses of smaller 2D Mn:CsPbCl3 NPLs
were performed by reacting Cs-oleate with PbCl2 and MnCl2 in ODE containing a mixture of longchain capping ligands (OA and OAm). PbCl2 (54 mg), MnCl2 (20 mg), ODE (5.0 mL), OA (1.0
mL), and OAm (1.0 mL) were loaded into a 25 mL 3-neck flask and heated to 100 °C under
vacuum for 30 min. Then the reaction mixture was refilled with argon and reacted for another 20
min at 120 °C. Subsequently, the Cs(oleate) (0.45 mL) was swiftly injected to form 2D
Mn:CsPbCl3 NPLs in 5–10 s. The solution was cooled down to room temperature by immersion
in a water bath.
Growth of Larger Perovskite 2D Mn:CsPbCl3 NPLs. The formed solution of smaller 2D
Mn:CsPbCl3 NPLs was transferred to an Ar-filled glovebox and loaded into a 10 mL Teflon-lined
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autoclave without any purification. The autoclave was sealed and maintained at 200 °C for the
required reaction time (1–5 h). The autoclave was then quickly cooled down to room temperature
using an ice bath. Finally, the solution was transferred to a centrifuge tube and centrifuged at 5000
rpm for 5 min. The resulting larger 2D Mn:CsPbCl3 NPLs were redispersed in 2 mL of toluene for
further optical characterization.

4.2.2 Physical Characterization of Doped Nanoplatelets as a function of
Solvothermal Treatment Time
In this study, 2D Mn-doped CsPbCl3 (i.e., Mn:CsPbCl3) perovskite NPLs were prepared via a twostep synthetic method, as shown in Figure 4.1a. In the first step, we synthesized lightly doped 2D
Mn:CsPbCl3 NPLs by the injection of Cs-oleate into an oleic acid and oleylamine solution
containing PbCl2 and MnCl2 (80%, mol % to Pb) at 120 °C. Subsequently, the stock solution was
transferred into a Teflon-lined stainless-steel autoclave to grow heavily doped Mn:CsPbCl3 NPLs
under solvothermal conditions at 200 °C for 2–5 h. The detailed synthesis is given in the Section
4.2.1. The TEM image of samples before solvothermal treatment (Figure 1b) shows 2D
Mn:CsPbCl3 with a few NPLs lying perpendicular to the TEM grid via face-to face assembly with
averge edge lengths and thicknesses of the NPLs as 20 ± 5 and ∼3.0 ± 0.3 nm, respectively. The
phenomena of self-assembly of 2D NPLs on TEM grids is similar to prior reports of
CsPbBr3 NPLs90 and Mn-doped 2D CsPbCl3 NPLs.123, 258 It should be noted that the thin NPLs
can be partially destroyed by the high-energy electron beam and form dark metallic lead particles
during TEM measurements.7, 123, 258, 259
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Figure 4.1. (a) Schematic of the formation of Mn-doped 2D CsPbCl3 perovskite NPLs via a hotinjection method followed by solvothermal growth for heavily Mn-doped larger CsPbCl3 NPLs
and CsMnCl3 inclusion after phase segregation. (b) TEM images of 2D Mn:CsPbCl3 perovskite
NPLs synthesized in three-neck round-bottom flasks under atmospheric pressure. TEM images of
larger 2D Mn:CsPbCl3 perovskite NPLs grown in Teflon-lined autoclaves after solvothermal
treatment of (c) 3 and (d) 5 h.
After solvothermal treatment (2–5 h) of the stock solution obtained in the first step, slightly
larger Mn-doped 2D CsPbCl3 NPLs were obtained with lateral size ∼40 nm (Figure 4.1c–d, Figure
S4.1), which are nearly doubled compared with the 2D NPLs before solvothermal treatment
(Figure 4.1b). The larger NPLs predominately lie flat on the TEM grid with a few lying
perpendicular to the TEM grid. While the lateral dimensions increase by nearly double, the
thickness of the CsPbCl3 NPLs is almost the same, ∼3.0 ± 0.3 nm (Figure 4.1c–d, Figure S4.1).
The nearly doubled lateral dimensions with similar thickness of the 2D NPLs after solvothermal
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growth suggest that the larger 2D NPLs were formed as the result of oriented attachment of the
small 2D NPLs under solvothermal conditions.
Although the NPLs prepared at different solvothermal treatment time (2–5 h) exhibit
similar 2D morphology and size (Figure 4.1c – d, Figure S4.1), inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements indicate the concentration of Mn2+ in the NPLs
significantly increased along with the solvothermal treatment time (Figure 4.2c and Table S4.1).
The Mn2+ concentration dramatically increases from 1.0% (mol % to Pb) of the lightly 2D
Mn:CsPbCl3 NPLs to 2.3%, 5.0%, 8.8%, and 16.8% (mol % to Pb) for the NPLs after solvothermal
treatment for 2, 3, 4, and 5 h, respectively. While growth doping could account for the lightly
doped 2D Mn:CsPbCl3 NPLs from the hot-injection method,171, 208 it is believed that diffusion
doping by the substitution of host ions by added dopant ions via ion exchange242 leads to the higher
doping efficiency of the Mn:CsPbCl3 NPLs under solvothermal conditions. While diffusion
doping has been reported in doped II–VI semiconductor NCs183, 260 and perovskite quantum dots,
this is the first evidence of diffusion doping in 2D perovskite NCs to the best of our knowledge.248
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Figure 4.2. (a) XRD patterns of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol % to Pb)
and (b) a magnified view of the XRD peak around 30°∼36° with different solvothermal treatment
time. (c) Shift of the (200) XRD peak and dopant concentration as a function of solvothermal
treatment time. (d) XRD intensity ratio of ICsPbCl3_Cubic

(200)/Itotal,

ICsMnCl3_Cubic

(200)/Itotal,

and

ICsMnCl3_Orth (122)/Itotal as a function of solvothermal treatment time.

4.3 Exploring the Structural and Optoelectronic Effect of Mn Doping
To understand how the increasing Mn concentration affects the structural and optoelectronic
properties of the 2D NPLs, XRD, EPR, XAFS, and optical measurements were performed. XRD
confirms the as-prepared 2D Mn:CsPbCl3 NPLs before solvothermal treatment (denoted as “0 h”
sample in Figures 4.2 – 4.6) possess the crystalline structure of cubic CsPbCl3 (Figure 4.2a). A
magnified view of the (200) peak at ∼32° reveals that the peak is slightly shifted to higher angles
compared to undoped cubic CsPbCl3 (Figure 4.2b–c). In addition, a continuous shift of the (200)
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peak toward higher angle is observed with increasing the solvothermal treatment time from 0 to 5
h (a total of 0.32° shift). This shift indicates a higher Mn incorporation and progressive lattice
contraction due to the substitution of larger Pb2+ ions (133 pm) by the isovalent, yet smaller,
Mn2+ ions (97 pm). Similar results were also obtained in Mn-doped CsPbCl3 NCs with increasing
Mn incorporation.117, 244, 246 These observations are consistent with XAFS measurements taken at
the Pb L1-edge (Figure 4.3). With longer solvothermal treatment time, the Fourier transform of the
extended XAFS (FT-EXAFS) shows the nearest neighbor distance (Pb–Cl) decreasing in distance
(Figure 4.3b). Fitting the EXFAS data to a cubic CsPbCl3 structure works well for both the 0 and
2 h treatment times. The derived Pb–Cl bond lengths (dPbCl) for the 0 and 2 h samples are 2.856 ±
0.023 and 2.847 ± 0.019 Å, respectively, which is less than the expected dPbCl = 2.867 Å for the
bulk material, as expected for substitutional doping. Satisfactory fits to a perfect cubic
CsPbCl3 structure could not be obtained for solvothermal treatment times 3 h and greater, but
modified cubic models (i.e., distorted octahedra) resulted in fair fit values (d3h = 2.844 ± 0.06 Å
and d5h = 2.775 ± 0.04 Å). With increasing annealing time, the strong lattice distortions create
larger variances in the Debye–Waller factors (σi) making the EXAFS fitting less accurate. This is
demonstrated by the broadening of the Pb–Cl scattering peak as time increases. In general,
however, even neglecting the EXAFS fitting the gradual decrease of the main peak to
lower R values in Figure 4.3b is consistent with a decreasing bond length, as the local environment
is Cl and therefore any phase shift correction should be consistent. In addition, the amplitude of
the Pb–Cl scattering peak decreases with longer solvothermal treatment time indicating the
average coordination environment of Pb is decreasing, as expected for higher Mn doping levels.
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Figure 4.3. (a) XANES and (b) FT-EXAFS for the 2D Mn:CsPbCl3 NPLs as a function of
solvothermal treatment time. The inset in (a) is an explanded region of the XANES spectra with
the circles designating isosbestic points.
Moreover, surprisingly, with increased doping concentration for longer solvothermal
treatment time, two new XRD peaks at 30.9° and 35.3° gradually appear, which is consistent with
the (122) and (200) lattice planes of orthorhombic CsMnCl3 and cubic CsMnCl3, respectively
(Figure 4.2b). The amount of the corresponding phases in the product could be estimated by
analyzing the relative XRD peak intensities from the three phases. Compared to the 2D
Mn:CsPbCl3 NPLs before solvothermal treatment, the peak intensity ratio ICsPbCl3_Cubic
(200)/Itotal

(Itotal = ICsPbCl3_Cubic (200) + ICsMnCl3_Cubic (200) + ICsMnCl3_Orth (122)) gradually decreases from

100% to ∼55% after 5 h solvothermal treatment, while the ICsMnCl3_Cubic (200)/Itotal and ICsMnCl3_Orth
(122)/Itotal

gradually increase from 0% to ∼24% and ∼21%, respectively (Figure 4.2d). Please note

that the XRD intensity used in the calculation is normalized to their relative intensity for each
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phase; therefore, the peak intensity ratio between different phases could be used to qualitatively
estimate the composition ratio in the NPLs considering the variation of XRD sample preparation
and the anisotropic shape of the NPLs. This peak intensity ratio displays a trend of phase transition
and segregation from Mn:CsPbCl3 NPLs to CsMnCl3 NPLs, implying more Mn2+ ions can replace
the Pb2+ sites in the CsPbCl3 host and can even completely occupy all the Pb2+ sites, leading to the
formation of a new CsMnCl3 phase during phase separation. It should be noted that during the
solvothermal treatment no significant size or shape change was observed for the 2D NPLs (Figure
4.1c–d, Figures S4.1), confirming the phase segregation of Mn:CsPbCl3 NPLs without any new
nucleation event. This type of process, known as spinodal decomposition, refers to unmixing of
components of the solid solution from one thermodynamic phase to form two coexisting
phases.261 This spinodal decomposition mechanism is consistent with the X-ray absorption near
edge structure (XANES) measurements (Figure 4.3a). Gradual changes in the multiple scattering
peaks above the absorption threshold are observed, with the appearance of at least three isosbestic
points (circles in Figure 4.3a). The appearance of isosbestic points generally indicates a two-phase
system, as suggested by the XRD measurements.
EPR spectroscopy was used to further confirm that Mn2+ ions are doped into the
Mn:CsPbCl3 NCs (Figure 4.4). The X-band EPR spectrum of the 2D Mn:CsPbCl3 NPLs before
solvothermal treatment shows a well-defined sextet hyperfine splitting pattern (hyperfine
constant A = 86 G), which is the same value as the hyperfine constant observed in Mn-doped
CsPbCl3 NCs.123, 243, 245 Upon the solvothermal treatment from 2 to 4 h, the EPR spectra of the 2D
Mn:CsPbCl3 NPLs exhibit a continuously broadening dipolar background with weakened
hyperfine peaks. The broad dipolar background indicates the presence of short-range Mn–Mn
interactions, which is consistent with higher Mn doping concentration for NPLs from longer
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solvothermal growth time (Figure 4.2c).8, 137, 262 Further extending the solvothermal treatment time
to 5.0 h leads to a new narrow dipolar peak from a pure CsMnCl3 phase with short Mn–Mn
interactions. The assignment of the narrow dipolar peak from a pure CsMnCl3 phase was further
confirmed by the EPR analysis of pure CsMnCl3 phase synthesized in a control experiment by
injecting cesium oleate solution into only the Mn precursor without any Pb present (Figures S4.2
– S4.3), which shows similar broad EPR patterns to the 5 h growth sample shown in Figure 4.4.
In addition, XRD and TEM data show the products are mainly cubic CsMnCl3 with spherical
morphology before solvothermal treatment, while the products gradually transfer to orthorhombic
CsMnCl3 without regular morphology after solvothermal treatment (Figure S4.2). This result is
consistent with the gradual phase transition from the cubic to orthorhombic CsMnCl3 obtained
during solvothermal growth of Mn:CsPbCl3 NPLs.
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Figure 4.4. Room temperature X-band EPR spectra of 2D Mn:CsPbCl3 NPLs with different
solvothermal treatment times.
Figure 4.5 shows the absorption and PL spectra of 2D Mn:CsPbCl3 NPLs with different
solvothermal treatment times. The 2D Mn:CsPbCl3 NPLs before solvothermal treatment exhibit a
first exciton absorption peak centered at 393 nm, which is blue-shifted compared to the band gap
of bulk CsPbCl3 (420 nm, 2.96 eV).64 This blue shift and sharp excitonic features in the absorption
spectra clearly exhibit the quantum confinement of charge carriers in the 2D NPLs, which is
attributed to the smaller thicknesses (3.0 ± 0.3 nm) of the 2D Mn:CsPbCl3 colloidal quantum well
compared to the Bohr excitonic diameter of CsPbCl3 (5 nm).11
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Figure 4.5. Optical properties of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol % to
Pb) under different solvothermal treatment time. (a) UV–vis absorption (dotted line) and PL
spectra (solid line, with excitation at 350 nm) of 2D Mn:CsPbCl3 NPLs. (b) Optical image of 2D
Mn:CsPbCl3 NPLs dispersed in toluene under UV (excitation at 365 nm) irradiation. (c) Intensity
ratio of Mn emission to excitonic emission, (d) PL fwhm of Mn emission, and (e) peak center of
lowest energy absorption peak (λAbs), host excitonic emission (λex PL), and Mn emission (λMn PL) as
a function of the solvothermal treatment time.
The 2D Mn:CsPbCl3 NPLs before solvothermal treatment exhibit a narrow host emission
with full-width at half-maximum (fwhm) of ∼12 at 395 nm, along with a weak and broad Mn PL
band at ∼598 nm (fwhm of 84 nm) attributed to the ligand field transition of Mn2+ ions.263 After
solvothermal treatment, the relative intensity ratio of the Mn emission to the CsPbCl3 host
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excitonic emission (IMn/Iex) increases gradually from 0.1 to 8.0 with increasing solvothermal
treatment time (Figure 4.5c). Meanwhile, both the absorption and host PL peaks blue shift
continuously from 393 to 386 nm and from 395 to 391 nm (Figure 4.5e), respectively, with longer
solvothermal treatment. The blue shift is attributed to the lattice contraction, resulting from the
replacement of larger Pb2+ ions (133 pm) with smaller Mn2+ ions (97 pm).244,

246

The lattice

contraction results in shorter average Pb–Cl bonds and therefore stronger Pb–Cl orbital
interactions, which can widen the band gap of Mn-doped CsPbCl3 NCs and blue shift the
absorption spectra and host PL, as observed in Mn-doped CsPbCl3 NCs previously.242, 264 The
continuous blue shift of the absorption and host PL peaks of the 2D Mn:CsPbCl3 NPLs is
consistent with the increased Mn doping concentration, supported by ICP-OES analysis.
The 2D Mn:CsPbCl3 NPLs before solvothermal treatment exhibit a relatively low Mn PL
QY of ∼2%. However, the Mn2+ PL QY of 2D Mn:CsPbCl3 NPLs increased dramatically with
solvothermal treatment up to a maximum of ∼21% for the 4.0 h sample, leading to a higher PL
ratio of Mn PL and host CsPbCl3 PL (Figure 4.5c) and an overall yellow-orange colored emission
(Figure 4.5b). The Mn PL QY decreased to ∼18% with 5 h solvothermal treatment, accompanying
the phase transition to the CsMnCl3 phase. The variation in QY of both the Mn and excitonic PL
with solvothermal reaction time is shown in Table S4.2 and Figure S4.4. These results confirm
that post-synthetic solvothermal treatment can promote the Mn diffusion and doping into the
CsPbCl3 lattice. In addition, gradual Mn PL peak broadening (Figure 4.5d) and red shifting (from
598 to 610 nm) (Figure 4.5e) can be observed, which could be understood by the multiple
microenvironments for Mn dopant within Mn:CsPbCl3 and CsMnCl3 NPLs for longer
solvothermal treatment.
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To further reveal the dopant concentration- and phase-dependent optical properties, timeresolved emission measurements were conducted. The excitonic PL decay profiles of the 2D
Mn:CsPbCl3 NPLs display multiexponential decay for all samples, both before and after
solvothermal treatment (Figure 4.6a). The average lifetime (τex) decreases dramatically (Figure
4.6c), from 6.3 to 1.4 ns, because of the increased energy transfer efficiency from host NPLs to
Mn2+ ions with increased Mn incorporation (Figure 4.6a, Table S4.3). To gain an insight into the
relative strength of the exciton–Mn exchange coupling, an approximation formula was employed
to estimate the energy transfer time (τET).245

𝑄𝑌𝑀𝑛 = [

𝜅𝐸𝑇
𝜅𝑒𝑥 +𝜅𝐸𝑇

]=[

1
𝜏𝐸𝑇

1
1
+
𝜏𝑒𝑥 𝜏𝐸𝑇

]

(4.1)

where QYMn is the Mn PL QY, kET is the energy transfer rate, kex is the radiative recombination
rate constant of host excitons, and τex is the exciton relaxation time. The calculated energy transfer
time τET of the 2D Mn:CsPbCl3 NPLs decreased from 307.9 to 4.4 ns with increasing the
solvothermal treatment time from 0 to 5 h, respectively (Figure 4.6c inset). The energy transfer
from exciton to Mn ions depends on the spatial overlap between the wave functions of the exciton
and dopant ions.8, 12, 252, 265 The calculated results confirm that stronger exciton–Mn exchange
coupling occurs with higher Mn doping concentration, leading to the increase in the energy transfer
efficiency.
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Figure 4.6. PL decays of (a) host exciton and (b) Mn2+ emission in 2D Mn:CsPbCl3 NPLs as a
fucntion of solvothermal treatment time (proportional to Mn concentration). (c) The host excitonic
PL relaxation time (inset: energy transfer time) and (d) Mn emission relaxation time of 2D
Mn:CsPbCl3 NPLs as a function of solvothermal treatment time. The excitonic lifetime fits were
deconvolved by the instrumental response function (IRF).
The decay curves of the Mn2+ emission are shown in Figure 4.6b. The energy, peak width,
and lifetime of the Mn emission are sensitive to the local lattice microenvironment on the doping
site, which influences the strength of the ligand field of Mn2+ ions as well as the vibronic coupling.
8, 12, 266, 267

For the lower Mn concentrations (0–2 h), the Mn lifetime could be uniquely fitted to a

single-exponential decay with a lifetime slightly decreased from 1.49 to 1.36 ms (Figure 4.6d,
Table S4.3). The single-exponential decay of Mn PL lifetime suggests a nearly homogeneous
environment of Mn dopants inside the CsPbCl3 NPLs.268, 269 For NPLs with 3–4 h solvothermal
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treatment, the Mn lifetime could be fitted to either a single-exponential decay or two-exponential
decays. However, for NPLs at higher Mn concentrations (for 5.0 h growth), the Mn PL decay
becomes faster (τMn decreases to 1.24 ms) and can only be fitted by multiple-exponential decay
(Figure 4.5d, Table S4.3), indicating the significant heterogeneity of the local doping
environment.268, 269 Therefore, the broad Mn PL peak and nonexponential Mn PL decay were
observed consistent with the coexistence of Mn:CsPbCl3 and CsMnCl3 phases, as the result of
phase segregation. The concentration quenching significantly influences the excited Mn centers at
this stage, resulting in decreased Mn PL lifetime and PL QY.

4.4 Understanding the effects of Solvothermal Treatment on Doping
In this study, higher Mn doping concentrations in CsPbCl3 NPLs can be achieved by diffusion
doping during a postsynthetic solvothermal process. Furthermore, it is intriguing to observe the
new CsMnCl3 phase formed by spinodal decomposition in the later stage of diffusion doping. It is
believed that the fast ion diffusion under the solvothermal conditions facilitates the diffusion
doping, leading to higher Mn doping efficiencies. When the doping concentration is above a
certain threshold, phase separation can occur to release the strain generated by the large cationic
size mismatch between Mn and Pb ions.
To further understand the effects of solvothermal conditions on the doping concentration
and phase of the final NPLs, 2D Mn:CsPbCl3 NPLs were also synthesized at 160 and 180 °C under
solvothermal conditions (Figure 4.7, Figures S4.5 – S4.10). TEM shows that the NPLs prepared
at different solvothermal temperatures (160 and 180 °C) exhibit similar 2D morphology and size
as NPLs obtained at 200 °C (Figure S4.5), which indicates that the reaction temperature does not
significantly influence the growth of the host CsPbCl3 NPLs within the experimental temperature
range. However, the Mn:CsPbCl3 NPLs at 160 °C exhibited nearly identical emission profiles with
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similar intensity ratio of Mn emission to host excitonic emission regardless of solvothermal
treatment time (Figure 4.7a). In addition, no notable change in the peak positions of the Mn or host
excitonic emission, nor the Mn PL lifetime, was observed during solvothermal treatment process
(Figure 4.7e, Figures S4.6 – S4.7). ICP-OES analysis illustrates a similar Mn doping concentration
(∼2%) for the Mn:CsPbCl3 NPLs synthesized at 160 °C (Table S4.1), with no phase
separation/transition observed from XRD (Figure S4.8). Interestingly, the NPLs obtained by
solvothermal treatment at 180 °C displayed a change of PL, doping concentration, and phase that
was intermediate between those of NPLs grown at 160 and 200 °C under solvothermal treatment
(Figure 4.6, Figures S4.9 – S4.10). For example, the ratio of Mn emission to excitonic emission
slowly increased from 0.13 to 1.34 with increasing solvothermal treatment time (Figure 4.7b , c),
while the Mn emission peak showed a slight red shift from 598 to 600 nm (Figure 4.7e). The Mn
concentration increased from 0.8% to 8.0% for NPLs grown for 0 and 5 h, respectively, (Table
S4.1) coupled with an increased Mn PL QY, up to a maximum of 10.2% for 5 h samples (Table
S4.2, Figure S4.4). The new CsMnCl3 phase was only observed for 5 h sample from XRD analysis
(Figure S4.10).
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Figure 4.7. Comparison of optical properties of 2D Mn:CsPbCl3 NPLs (using 80% Mn as
precursor, mol % to Pb) under different solvothermal temperatures (160, 180, and 200 °C). (a, b)
UV–vis absorption (dotted line) and PL spectra (solid line, with excitation at 350 nm) of 2D
Mn:CsPbCl3 NPLs obtained at 160 and 180 °C, respectively. (c) Intensity ratio of Mn emission to
excitonic emission, (d) Mn doping concentration incorporated in NPLs, and (e) peak center of Mn
emission as a function of solvothermal reaction time.
Taken together, the diffusion-controlled doping under solvothermal conditions plays a
critical role for the higher Mn doping efficiency and the formation of the new CsMnCl3 phase by
phase separation during the solvothermal treatment. The dependence of the phases and optical
properties of the 2D NPLs on the solvothermal treatment temperature can be understood as a
pressure (proportional to temperature) mediated process for dopant incorporation. It has been
reported that the surface states and crystallography of materials alter significantly under sufficient
pressure.270-272 Therefore, the rate of dopant diffusion, adsorption, and incorporation into the
perovskite NPLs can be tuned by the temperature-dependent pressure under solvothermal
conditions.
P a g e | - 110 -

The experimental results indicate that the high temperatures (>160 °C), under solvothermal
conditions, can facilitate ion diffusion and diffusion doping of Mn ions into the CsPbCl3 without
modifying the size and shape of the 2D NPLs. At relatively low Mn doping concentrations in
Mn:CsPbCl3 NPLs during the solvothermal treatment, the Mn2+ doping environment ions are
largely homogeneous, evidenced by the single-exponential decay of Mn PL. The increasing Mn
concentrations can lead to higher Mn PL QY. While the efficient doping can be understood by the
fast diffusion rate under solvothermal conditions, the phase separation is dependent on both doping
concentration and reaction temperature. Generally, relatively high doping concentrations are
required for phase separation during the solvothermal treatment. In addition, high temperature can
also facilitate the phase separation. At 180 °C, a ∼8% doping concentration is required for the
phase separation, while at 200 °C the phase separation can occur with ∼5% doping concentration.
While phase segregation from a uniform crystal via spinodal decomposition can occur in
the bulk materials, the nanoinclusion inside doped NCs is very rare. In II–VI semiconductors
quantum dots (QDs), incorporation of a dopant metal ion with the same charge (i.e.,
Mn(II),160 Cr(II),251 and Co(II))254 leads to simple substitutional incorporation of the ion of interest
up to its solubility limit. Incorporation of an ion that has a different charge, such as
Cu(I),273 Cr(III),274 Eu(III),275 Fe(III),276 or Al(III),277 results in formation of ion vacancies in the
QD in order to reach charge neutrality, or in a rare case formation of ZnCr2Se4 spinel inclusion
inside Cr(III)-doped ZnSe QDs.162 The unusual phase segregation in the 2D Mn:CsPbCl3 NPLs
could be understood by the flexible continuum model by considering the effects of coherency
strains as well as the gradient energy term in the crystal lattice.278, 279 The strain is more significant
with high Mn doping concentrations considering the large size mismatch (>30%) between the
Mn2+ (97 pm) dopant and the Pb2+ (133 pm). However, the free energy can be lowered by allowing
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the components to separate, thus increasing the relative concentration of a component material in
the spinodal region of the phase diagram. Therefore, phase separation can occur when the
concentration of Mn dopant is too high and Mn:CsPbCl3 NPLs transitions into the unstable region
of the phase diagram.
The boundary of the unstable region can be found experimentally by determining the
phases in temperature vs doping concentration diagram, as shown in Figure 4.8. Only
Mn:CsPbCl3 phase is present on the bottom-left part of the diagram with relatively low dopant
concentration. As dopant concentration continues to increase, the Mn:CsPbCl3 reaches the
boundary of the phase diagram as indicated by the line on the diagram. Above the threshold of
dopant concentration and solvothermal temperature, the Mn:CsPbCl3 is moved into the spinodal
region of the phase diagram so that spinodal decomposition can occur as observed in the right side
of the phase diagram in Figure 4.8. During this spinodal decomposition, no new nucleation event
occurs; therefore, no significant size and shape change was observed for the 2D NPLs under
solvothermal conditions.
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Figure 4.8. Phase diagram of Mn:CsPbCl3 NPLs under solvothermal conditions.

4.5 Conclusions
In conclusion, we demonstrated a facile solvothermal method for efficient diffusion doping in 2D
Mn:CsPbCl3 NPLs and even the formation of a new CsMnCl3 phase by spinodal decomposition
without significantly altering the morphology and size of host perovskite NCs. ICP-OES, EPR,
XAFS, and luminescence lifetime data confirm that the Mn doping efficiency was continuously
improved during solvothermal treatment, while phase separation by spinodal decomposition can
occur at later stage of diffusion doping, leading to the coexistence of Mn:CsPbCl3 and
CsMnCl3 phases. The Mn doping efficiency and phase transition are strongly depending on the
solvothermal reaction temperature and time, which further affects the optical properties of 2D
Mn:CsPbCl3 NPLs. The CsMnCl3 inclusions by spinodal decomposition in Mn-doped
CsPbCl3 NPLs are the first reported example of a nanoinclusion in isovalent doped NCs to the best
of our knowledge. The ability to incorporate a new phase by spinodal decomposition provides a
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new understanding of doping inside quantum-confined NCs and a promising approach to study the
interactions between the impurity and the host under moderate temperature and pressure.

4.6 Supporting Results
Table S4.1. Inductively coupled plasma optical emission spectroscopy (ICP-OES) data of Mn
concentration in 2-D Mn:CsPbCl3 NPLs obtained under different solvothermal condition.

Table S4.2. PL QY of Mn emission in 2-D Mn:CsPbCl3 NPLs obtained under different
solvothermal condition.
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Experimental measured time constants of emission decay. To further reveal the fundamental
mechanism of host exciton and Mn relaxation as well as energy transfer dynamics in the 2-D
Mn:CsPbCl3 NPLs, the time-resolved PL spectra were studied. Experimentally, if the PL emission
lifetime can be directly measured, equation S1 can be used to describe the decay curves:189, 280
For NCs, ideal exponential decay is rarely found in practical systems. Therefore, multi-exponential
decay the lifetimes can be expressed by equation S2:
The lifetime data can be fit to a series of exponentials until the residuals showed no systematic
deviation and the
𝑡

𝑙(𝑡) = ∑𝑖 𝑎𝑖 𝑒𝑥𝑝 (− )
𝑡

(S4.1)

𝑖

chi-squared value (χ2) was in the range between 1.0 and 1.3 (Table S4.3-S4.5). Then, the average
emission lifetime, τex and τMn, can be calculated using following equation.

𝜏𝑒𝑥𝑝 =

∑3𝑖=1 𝑎𝑖 𝜏𝑖2
∑3𝑖=3 𝑎𝑖 𝜏𝑖

(S4.2)

Where τexp (τex and τMn) is experimentally detected PL decay; ai is the fractional amplitude of
component i, and τi is the lifetime of component i; i is the number of exponentials;
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Table S4.3. Experimental measured time constants of exciton and Mn decay of 2-D Mn:CsPbCl3
NPLs (80 % Mn) under 200 ˚C solvothermal treatment.

For lifetime measurement, the lifetime kinetic curve is mainly contributed by the strong
luminescent component, rather than the relative concentration. Therefore, compared to XRD
analysis, the PL decay measurement is S4 relatively insensitive to changes in concentrations of the
weaker luminescence components. For the lower Mn concentrations (0 - 2 h at 200 ˚C), the Mn
lifetime could be uniquely fitted to a single-exponential decay with a lifetime slightly decreased
from 1.49 ms to 1.36 ms (Figure 4.6d, Table S4.3). The single exponential decay of Mn PL lifetime
suggests a nearly homogeneous environment of Mn dopants inside the CsPbCl3 NPLs. For NPLs
with 3-4 h solvothermal treatment, however, the Mn lifetime could be fitted to either a singleexponential decay or two exponential decays. This result is consistent with the fact that only a
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small percentage of CsMnCl3 formation with 3 to 4 h solvothermal treatment. Under 5 h
solvothermal treatment at 200 ˚C, there is a significant percentage of CsMnCl3 formation (~17%,
evidenced by XRD and ICP-OES), which reflected in PL decay measurements and lead to a
multiple exponential decay for Mn dopant.
Table S4.4. Experimental measured time constants of exciton and Mn decay of 2-D Mn:CsPbCl3
NPLs (80 % Mn) under 160 ˚C solvothermal treatment.
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Table S4.5. Experimental measured time constants of exciton and Mn decay of 2-D Mn:CsPbCl3
NPLs (80 % Mn) under 180 ˚C solvothermal treatment.
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Figure S4.1. TEM images of 2-D Mn:CsPbCl3 perovskite NPLs (using 80% Mn as precursor,
mol% to Pb) grown in Teflon-lined autoclaves after solvothermal treatment times of (a) 2 h, (b) 3
h, (c) 4 h and (d) 5h.
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Figure S4.2. (a) UV-vis absorption (dotted line) and PL spectra (solid line, with excitation at 350
nm) of CsMnCl3 NCs and (b) XRD patterns of CsMnCl3 NCs with different solvothermal
treatment times at 200 ˚C; (c) TEM images of CsMnCl3 NCs synthesized in three-neck roundbottom flasks under atmospheric pressure; (d) TEM images of CsMnCl3 NCs grown in Teflonlined autoclaves after 5 h solvothermal treatment.
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Figure S4.3. Room temperature X-band EPR spectra of CsMnCl3 NCs with different solvothermal
treatment times.
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Figure S4.4. Comparison of PL QY of Mn2+ emission (PL QYMn) in 2-D Mn:CsPbCl3 NPLs
(using 80% Mn as precursor, mol% to Pb) under different solvothermal treatment temperatures
(160 ˚C, 180 ˚C and 200 ˚C).
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Figure S4.5. TEM images of 2-D Mn:CsPbCl3 perovskite NPLs (using 80% Mn as precursor,
mol% to Pb) grown in Teflon-lined autoclaves after solvothermal treatment times of (a) 2 h at 160
˚C, (b) 5 h at 160 ˚C, (c) 2 h at 180 ˚C, (d) 5 h at 180 ˚C.
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Figure S4.6. Peak position of lowest energy absorption peak (λAbs), host excitonic emission (λex
PL) and Mn emission (λMn PL) in 2-D Mn:CsPbCl3 perovskite NPLs (using 80% Mn as precursor,
mol% to Pb) under solvothermal treatment at 160 ˚C.
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Figure S4.7. PL decays of (a) host exciton and (b) Mn2+ emission in 2-D Mn:CsPbCl3 NPLs (using
80% Mn as precursor, mol% to Pb) under 160 ˚C solvothermal treatment; (c) The host excitonic
PL relaxation time (inset: energy transfer time) and (d) Mn emission relaxation time of 2-D
Mn:CsPbCl3 NPLs as a function of solvothermal treatment time.
It should be noted that the excitonic PL decay profiles of the 2-D Mn:CsPbCl3 NPLs
display multiexponential decay for all samples treated at lower solvothermal temperature of 160
˚C (2 - 5 h) (Figure S4.7a). The average lifetime (τavg) increases slightly with longer solvothermal
treatment time (Figure S4.7c). The Mn PL decay (Figure S4.9, S4.7b) shows single-exponential
for the 0- and 2-hour samples and double-exponential for the samples with longer solvothermal
treatment (3 -5 h), and the amplitude intensity of faster initial decay gradually increase along with
the solvothermal treatment time. Considering the diffusion doping of Mn is ineffective at 160 ˚C
(no significant change in Mn doping concentration), the reducing of crystallinity (evidenced by
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the XRD) with longer solvothermal treatment time (Figure S4.8a) can lead to more charge carriertrapping defects in the Mn:CsPbCl3 NPLs. Therefore, the faster initial decay of Mn emission (less
than 6.0 × 10-6 s) can be attribute to decay of the relatively high density of charge carrier-trapping
defects in CsPbCl3 NCs. The long single-exponential decay (larger than 1.0 × 10-3 s) can be
attribute to decay of the Mn emission. The variation of excitonic and Mn lifetime can be attribute
to the reducing of crystallinity with longer solvothermal treatment time (Figure S4.8a).

Figure S4.8. (a) XRD patterns of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to
Pb) under 160 ˚C solvothermal treatment; (b) A magnified view of the XRD peak around 30° ∼
36° under different solvothermal treatment time; (c) the shift of the (200) XRD peak toward higher
2θ as a result of progressive lattice contraction, due to substitutional replacement of Pb2+ ions with
isovalent yet smaller Mn2+ ions; (d) the XRD intensity ratio of ICsPbCl3_Cubic (200)/Itotal,
ICsMnCl3_Cubic (200)/Itotal and ICsMnCl3_Orth (122)/Itotal as a function of solvothermal treatment time; (e)
Room temperature X-band EPR spectra of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as precursor,
mol% to Pb) under 160 ˚C solvothermal treatment.
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Figure S4.9. PL decays of (a) host exciton and (b) Mn2+ emission in 2-D Mn:CsPbCl3 NPLs (using
80% Mn as precursor, mol% to Pb) under 180 ˚C solvothermal treatment; (c) The host excitonic
PL relaxation time (inset: energy transfer time) and (d) Mn emission relaxation time of 2-D
Mn:CsPbCl3 NPLs as a function of solvothermal treatment time. The excitonic lifetime fits were
de-convolved by the IRF.
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Figure S4.10. (a) XRD patterns of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to
Pb) under 180 ˚C solvothermal treatment; (b) A magnified view of the XRD peak around 30° ∼
36° under different solvothermal treatment time; (c) the shift of the (200) XRD peak toward higher
2θ as a result of progressive lattice contraction due to substitutional replacement of Pb2+ ions with
isovalent yet smaller Mn2+ ions; (d) the XRD intensity ratio of ICsPbCl3_Cubic (200)/Itotal, ICsMnCl3_Cubic
(200)/Itotal and ICsMnCl3_Orth (122)/Itotal as a function of solvothermal treatment time; (e) Room
temperature X-band EPR spectra of 2-D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol%
to Pb) under 180 ˚C solvothermal treatment.
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Chapter 5 – Ligand-Mediated Synthesis of Chemically
Tailored Two-Dimensional All-Inorganic Perovskite
Nanoplatelets Under Ambient Conditions
Manuscript submitted and currently under consideration.

5.1 Introduction
Semiconductor perovskite nanocrystals (NCs) have been of recent interest due to their impressive
optical properties for optoelectronic applications. Of these NC systems, all-inorganic metal halide
perovskite NCs offer increased thermal and moisture stability with excellent optoelectronic
properties in comparison to hybrid organic-inorganic perovskite NCs.238,

281-285

Further shape

control of all-inorganic perovskites has led to two-dimensional (2D) perovskite NCs, such as
nanoplatelets (NPLs) and nanosheets (NSs),7, 119, 198, 286-291 that are of keen interest due to their
extremely narrow absorption and emission spectra,119,

286, 292-294

excellent in-plane charge

transport,294, 295 and large lateral sizes useful for device integration.7, 286, 292-295
The continued development of perovskite-based devices and applications relies on the
availability of dependable synthetic methods with controlled composition, size, and
morphology.108, 296-299 Current syntheses for 2D all-inorganic halide perovskite NCs, with general
ABX3 structure, rely primarily on three distinct methods, including the template method by cation
exchange of premade hybrid 2D perovskite NCs,87 direct synthesis by manipulating experimental
parameters including ligands, solvent, temperature, pressure, etc.,7, 64, 88, 89, 110, 122, 200, 203, 209, 300-303
and the assembly method involving the fabrication of 2D NCs from 1D nanorods7, 94 or larger 2D
NSs from the laterally smaller 2D NPLs.7, 90 In the template and assembly methods, either well-
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established hybrid perovskite synthetic techniques must be utilized or 1D NCs must be first
synthesized prior to the desired 2D NC formation. This adds to the cost and complexity of the
synthesis, making it strenuous for further sample preparation toward device integration. Therefore,
direct synthetic control through temperature, pressure, and surface ligand manipulation is highly
desired as it provides an avenue for facile and cost-effective syntheses with the potential to be
scaled for practical applications.15
Recent reports have shown that 2D CsPbBr3 perovskite NCs are capable of being directly
synthesized under ambient conditions.91, 304-308 These room-temperature syntheses for 2D NPLs
typically involve the use of excess lead salts dissolved in aprotic polar solvents and HBr. Excess
lead forces the resulting structure toward the formation of the CsPb2X5, often associated with 2D
NCs, while HBr protonates amine ligands causing competitive binding environments during
vertical growth and has thus been used rather successfully to control NC thickness.64-66 Multiple
of these syntheses also use high temperatures during Cs-oleate precursor preparation even though
the final reactions between PbX2 and Cs-oleate occurred at room temperature.305-307 This is owing
to the low solubility of CsX in the desired polar aprotic solvent and have thus limited the
applicability and versatility of these room temperature reactions for 2D NC growth. The
aforementioned syntheses are, therefore, hindered by their use of strong acids, excessively high
lead concentrations, high temperature precursor syntheses, or limited synthetic versatility despite
their availability.
The use of strong acid in perovskite NC synthesis should be minimized as it can cause NC
degradation, even though NCs will often boast increased PL QYs immediately following synthesis.
Additionally, while large molar concentrations of lead have been shown to promote 2D NC
growth,91, 307 this should be approached with caution and concern as excess lead waste should be

P a g e | - 130 -

avoided whenever possible. Synthetic routes that utilize Cs-oleate precursors require large thermal
energy input, under controlled conditions for proper preparation, limiting the utility of the
subsequent ambient synthesis.305 Finally, despite the successful formation of 2D CsPbBr3 NCs by
the HBr-assisted growth method, other 2D halide perovskite NCs can only be obtained by anion
exchange. The direct growth of 2D CsPbCl3 and CsPbI3 perovskite NCs has not yet been realized
by these methods. Therefore, the direct growth of 2D CsPbX3 NCs under green and ambient
conditions is still challenging.
Surface-bound organic ligands are typically used to passivate the surface traps of colloidal
NCs, which also modulates the surface energy of the NCs by introducing different
surfactants/ligands that adsorb onto growing surfaces. When surfactants stabilize a certain surface
by “selective adhesion,” the surface energy and growth rate can vary between different
crystallographic directions.7, 209, 309 Deng et al. theorized that ligand composition assisted the
formation of varying NC morphologies through solubility interactions as the ligands and metal
precursors in polar aprotic solvent were introduced into a poor solvent like toluene. Therefore, NC
formation is initiated by reprecipitation of the dissolved metal ion salts, where reverse micelles
form as a contrast between the polar aprotic solvent and the nonpolar toluene, resulting in rapid
NC formation. The resulting NC growth would be highly dependent on the hydrophobic and
electrostatic interactions of the metal ions and the introduced ligands within the two solvent
systems. For example, acetic acid and dodecylamine were introduced to cause quantum dot
formation, while oleic acid and octylamine caused nanoplatelet formation.305 Therefore,
modulating the ligand composition can have a massive effect on the resulting NC morphology.
This is especially true for the soft ionic nature of inorganic lead halide perovskite NCs, which are
susceptible to delicate changes in the surface chemical environment.310

P a g e | - 131 -

In this study, we design a rigorous ligand-mediated room temperature synthesis for the
direct fabrication of 2D quantum confined CsPbX3 and Mn-doped CsPbX3 (X = Cl, Br, and
mixture thereof) NPLs without the use of strong acids, high Pb concentration, or high temperature
for precursor preparation or NC growth. This facile reaction uses the direct control of ligand
composition in combination with polar aprotic N,N-dimethyl formamide (DMF) and dimethyl
sulfoxide (DMSO) solvents to dissolve Cs, Pb, and Mn-precursors, which are then introduced into
toluene, causing near instantaneous 2D NC formation. Direct NC size and morphological control
has been implemented by controlling the ligand concentration and composition, with the chosen
oleic acid (OA), oleylamine (OAm), octanoic acid (OctAc), and octylamine (OctAm) ligands
providing a near perfect environment for the development of anisotropic 2D NCs. The resulting
reaction is extremely facile, highly reproducible and easily manipulated by both scale and
composition with ease, resulting in a synthetically versatile reaction that can be modified for the
direct synthesis of Mn:CsPbX3 (X = Cl, Br, and mixture thereof) NCs of varying Mn doping
concentration without the use of anion exchange. The resulting facile, cost-effective, and scalable
reaction is promising for larger scale synthesis of 2D perovskite NCs for industry applications.

5.2 Ligand Mediated Room-Temperature Synthesis
5.2.1 Materials and Methods
Chemicals. Cesium bromide (CsBr, 99.999%, Alfa Aesar), cesium chloride (CsCl, 99.999%, Alfa
Aesar), lead bromide (PbBr2, 99.999% trace metal, Alfa Aesar), lead chloride (PbCl2, 99.999%
trace metal, Alfa Aesar), manganese bromide (MnBr2, 99.9%, Alfa Aesar), manganese chloride
(MnCl2, 99.9%, Alfa Aesar), toluene (99.6%, LabChem), acetone (99.5%, Fisher), N,Ndimethylformamide (DMF, 99.9%, Fisher), Dimethylsulfoxide (DMSO, 99.9% Fisher), oleic acid
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(OA, 90%, Alfa Aesar), octanoic acid (OctAc, 98+%, Alfa Aesar), oleylamine (OAm, 70%,
Sigma-Aldrich), 1-octylamine (OctAm, 99%, Alfa Aesar) were purchased and used without further
purification.
Control experiments on ligand composition and concentration. Ligand composition and
concentration experiments were conducted by varying the ligand volume introduced into the 15
mL centrifuge tube prior to Cs, Pb, and Mn introduction and sonication. This allowed for a simple
method for ligand control where a single large Mn-Cs-Pb precursor could be prepared and tested
in multiple ligand systems separated into their own 15 mL centrifuge tubes. Care was taken to
ensure that total volumetric ligand concentration was maintained at 150 µL. Additionally,
concentration reactions involved maintaining individual ligand composition ratios by increasing
or decreasing each ligand proportionally for the desired volume. For example, the standard ligand
concentration ratios used are 64% OA, 16% OAm, 15% OctAc, and 5% OctAm, therefore for a
volumetric concentration of 150 µL, the individual ligand volumes would be 96 µL OA, 24 µL
OAm, 22.5 µL OctAc, and 7.5 µL OctAm.
Preparation of Cs-Pb precursor and Mn-Cs-Pb precursor. For a standard 10 mL reaction, a 1
mL precursor consisting of 0.8 mmol PbX2, 0.4 mmol CsX (X = Cl, Br, or mixture thereof), and
DMF (for CsPbBr3 synthesis), DMSO (for CsPbCl3 synthesis), or mixture thereof (CsPbCl3-xBrx)
is prepared in a glass vial by stirring vigorously until either entirely dissolved or dispersed. The
precursor is then transferred to a 15 mL centrifuge tube containing the mixture of ligands.
A separate precursor is utilized for Mn-doping, where the MnCl2 and MnBr2 are dissolved
in DMSO and DMF, respectively, at a 0.8 M concentration. A controlled volume of the resulting
dopant precursor is then introduced into the Cs-Pb precursor mixture prior to sonication, at a ratio
consistent with the halide composition for the reaction. Varying [Mn] is simplified by introduction
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of a known volume dopant precursor corresponding to the desired [Mn]. For example, a 100%
[Mn] reaction of Mn:CsPbCl2Br NCs would consist of 0.54 mmol PbCl2, 0.26 mmol PbBr2, 0.27
mmol CsCl, 0.13 mmol CsBr, 0.54 mmol MnCl2, 0.26 mmol MnBr2, in 0.67 mL DMSO, and 0.33
mL DMF, requiring 1 mL Cs-Pb precursor, 67 μL MnCl2 precursor, and 33 μL MnBr2 precursor.
This precursor can be easily scaled for more than one synthesis or for varying synthetic volumes.

5.2.2 Synthesis of 2D CsPbX3 (X = Cl, Br, and mixture thereof) NCs
For the general synthesis, 1 mL of the Cs-Pb precursor is injected dropwise into 10 mL
toluene, stirring vigorously, in a 50 mL centrifuge tube over the span of 1 min where it is allowed
to react for an additional 5 min. The turbid solution is directly centrifuged at 5000 rpm for 5 min,
where the clear supernatant solution is transferred to a separate 50 mL centrifuge tube and the
precipitate containing unreacted precursors is discarded. The NC samples in supernatant solution
is then cleaned by acetone introduction (until solution becomes turbid), centrifugation at 5000 rpm
for 5 min, and dispersion in toluene before optical measurements. For TEM or AFM
measurements, samples were instead dispersed in hexanes before being drop cast onto their
respective grids. It should be noted that further cleaning can greatly affects NC colloidal stability
as a lack of protective surface ligands will allow for large scale surface-to-surface interactions
causing NC aggregation. For XRD, EPR, and ICP-OES measurements, the NCs are cleaned an
additional 3 times (total of 4 times cleaned) using a combination of hexanes as the solvent and
acetone as the counter-solvent, and centrifugation to obtain the desired precipitate, which is then
dried under vacuum until a fine powder is obtained.
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5.2.3 Synthesis of 2D Mn:CsPbX3 (X = Cl, Br, and mixture thereof) NCs
For Mn introduction, the same procedure is followed with the exception that the 0.8 M
MnX2 precursors, consistent with the halide composition and desired dopant concentration, are
added into the Cs-Pb precursor as shown above. This precursor was then sonicated until fully
dissolved. After dissolution, the dopant precursor was introduced into the ligand containing
solution with the Cs-Pb precursor prior to sonication. The samples were sonicated until fully
dissolved or distributed and then injected as described above. The same sample purification
methods were used as 2D CsPbX3 (X = Cl, Br, and mixture thereof) NCs.

5.3 Optimizing Ligand Composition and Concentration
In this work, we employed the use of two separate size categories of ligands (both acid and base)
to directly synthesize 2D CsPbCl3, CsPbBr3, and CsPbCl3-xBrx NCs and their Mn-doped
equivalents entirely under ambient conditions. Specifically, OA and OAm 18-carbon chain ligands
as well as OctAc and OctAm 8-carbon chain ligands were employed to strategically tune the
surface energy of the growing NC planes. The ligand environment was carefully selected by a
progression of control experiments that started with ligand concentration and compositional
studies for OA and OAm long ligands (Figure S5.1 and S5.2) and progressed to the introduction
of OctAc and OctAm short ligands (Figure S5.3 and S5.4). This method involves no additional
dehydration or degassing steps for solvents or precursors, except for the storage of CsX, PbX2, and
MnX2 in a moisture-free inert atmosphere due to their hygroscopic nature.
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Table 5.1. Summarized ligand volumetric composition statistics and optical analysis for the
synthesis of 2D CsPbBr3 NPLs.

Ligand Composition (%Vol)
Results
Long Ligands Short Ligands λhost PL FWHM Thickness PLQY Lifetime
(nm)
(%)
(ns)
OA OAm OctAc OctAm (nm) (nm)
80% 20%
0%
0%
512
13
~7.4
31%
66
64% 16%
15%
5%
498
11
~4.8
49%
45
Control experiments initially focused on the composition of OA/OAm long ligands for
CsPbBr3 NC synthesis without the presence of short ligands. Results showed that long ligand
compositions of 20% - 40% [OAm] are viable options for 2D or quasi-2D NC formation at a total
ligand concentration of 150 µL, however, 20% was chosen as it provided a similarly blue shifted
emissions with relatively high PL QY and narrow FWHM (Figure S5.1), while also presenting
high quality monodisperse NCs via TEM analysis (Figure S5.2). Additionally, it was determined
that higher and lower total ligand concentrations resulted in decreased NC monodispersity.
Manna et al.209 and Zheng et al.7 previously reported that low concentrations of short
ligands assist in the synthesis of anisotropic NCs under high temperature and pressure conditions.
Our results indicate that short ligands play an important role in anisotropic growth at room
temperature, even though the ligand solution should consist primarily of longer ligands for proper
NC growth. A short ligand concentration of 20% with a composition of 75% [OctAc] to 25%
[OctAm] (Figure S5.3) was selected because it provides consistently strong (PL QY ~40%), blue
shifted (from 512 to ~498 nm) emissions with narrow FWHM (~11 – 13 nm), as well as short PL
lifetime (<50 ns) for CsPbBr3 NCs, which is consistent with 2D NC formation. From the blueshifted PL position, we can estimate 7-8 monolayers thickness of the 2D CsPbBr3 NPLs, ~4-5 nm,
based on the quantum confinement effect.64,

81, 82

Atomic force microscopy (AFM) analysis
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confirms that the introduction of short ligands into a CsPbBr3 NC system results in a significant
decrease in thickness from ~7.4 to 4.8 nm (Figure S5.4).
For proper 2D NC formation, the ideal total ligand composition was determined to be 80%
long ligand and 20% short ligand at a ratio of 75-80% acids to 20-25% amine ligands, summarized
in Table 5.1. Results from CsPbBr3 studies were also shown to translate to CsPbCl3 and mixed
halide NCs with a substantial narrowing of the emission FWHM resulting with increasing [Cl-]
anion concentration. In addition, the NC growth behavior was simultaneously tested with precursor
injection times into the toluene solution (Figure S5.5 and S5.6). It was determined that, while fast
injections could produce desired results, 1 min injection time produced more consistent NCs, while
injection times exceeding 1 min reduced monodispersity of the NC system. These conditions were
chosen as they produced consistent results for the desired composition and were held consistent
during Mn introduction.

5.4 Synthesis of CsPbX3 (X = Cl, Br, and mixture thereof) Nanoplatelets
Halide compositional control was introduced with slightly differing synthetic parameters for the
direct synthesis of CsPbBr3, CsPbCl3, and mixed halide systems. In our method, ligand
concentrations and ratios were maintained throughout all halide compositions, however, solvent
systems had to be varied for each composition as CsPbBr3 preferred DMF as its primary solvent
and CsPbCl3 preferred DMSO as its primary solvent. Mixed halide composition NC syntheses
required proportional solvent concentrations to their halide compositions.
The results of the halide compositional study of 2D CsPbCl3-xBrx NPLs are summarized in
Figure 5.1. Transmission electron microscopy (TEM) images indicate a 2D morphology with
lateral dimensions measuring 16 ± 3 nm, 15 ± 3 nm, and 18 ± 3 nm for CsPbBr3, CsPbCl2Br, and
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CsPbCl3 NPLs, respectively (Figure 5.1a-5.1c). High-resolution TEM images show lattice
structures along the (110) lattice plane, indicating an increase in d-spacing with [Br] (0.42 nm for
CsPbCl3, 0.43 nm for CsPbCl2Br, and 0.45 nm for CsPbBr3), which is in good agreement with
theoretical d-spacing values of 0.40 and 0.42 for CsPbCl3 and CsPbBr3, respectively, as well as
their increased lattice parameters with the incorporation of larger Br anions. From the optical data
presented in Figure 1d, a clear PL peak red-shift from 408 to 501 nm is observed with [Br] of 0%
to 100%, respectively, due to the increase in bandgap from CsPbCl3 to CsPbBr3 (Figure 5.1e).
Furthermore, extremely narrow PL FWHM, from 7.5 to 14.0 nm for [Br] of 0% and 100%,
respectively, was observed for the samples, which indicates high monodispersity and the uniform
thickness of the 2D NPLs (Figure 5.1f). The increased PL FWHM from Cl rich to Br rich
perovskite NPLs is expected as CsPbCl3 notably has an extremely narrow host emission with
CsPbBr3 often producing a stronger PL QY yet with a slightly broader emission. Notably, the PL
QY did in fact increase with [Br] from 5% with CsPbCl3 to 49% with CsPbBr3 (Figure 5.1g).
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Figure 5.1. Undoped CsPbX3 (X = Cl, Br, and mixture thereof) NPLs varying in [Br] from 0% to
100%. Representative TEM images scaling respectively, from the top to bottom, as (a) CsPbBr 3,
(b) CsPbCl2Br, and (c) CsPbCl3 NPLs, with the insets being respective high-resolution TEM
images showing d-spacing of the (110) lattice plane. (d) Representative absorbance (dashed line)
and PL data for [Br] = 0%, 33%, 50%, 67%, and 100%. (e – g) Averaged optical analysis values
for (e) host PL peak position and (f) host PL FWHM, and (g) total PL QY for each of the respective
PL emissions of varying [Br], generated from the analysis of 10 separate syntheses. (h)
Representative time-dependent PL spectra with the resulting average lifetime decay (inset) for
CsPbX3 NCs, where X = (Cl, Br and a mixture thereof). (i) Images of CsPbX3 (X = Cl, Br, and
mixture thereof) NPLs in toluene solution under ambient light (top) and 365 nm UV light
irradiation (bottom).
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Time-dependent PL measurements show an increase in PL lifetime decay from ~7 ns
(CsPbCl3) to ~45 ns (CsPbBr3) with increasing [Br] (Figure 5.1h). These results are consistent with
an increase in PL QY, which often results in longer lifetime decays. The optical shift with [Br] can
be directly observed in Figure 5.1i from left to right resulting in a red-shifted emission where the
NC solutions are imaged under ambient light (top) and 365 nm UV irradiation (bottom). It should
be noted that CsPbI3 NCs were attempted using a similar method yet resulted in structurally
unstable products that decomposed to the optically inactive orthorhombic phase prior to obtaining
optical spectra (within ~1 min). It is likely that stable CsPbI3 NCs cannot be soundly synthesized
under these current synthetic conditions without proper solvent purification and an inert
atmosphere, which is outside the reach and desired interests of this study.

5.5 Characterization of Mn-doped 2D CsPbX3 (X = Cl, Br, and mixture thereof)
Nanoplatelets
Further synthetic control was introduced by Mn-doping in both CsPbCl3 (Figure 5.2 and Figure
5.3, TEM in Figure 5.4c) and mixed halide CsPbCl3-xBrx NCs to explore the versatility of the
ligand-mediated 2D NC growth at room temperature (Figure 5.4). Mn(II) was chosen as the most
prominent dopant in perovskites to date, and as a possible dopant capable of orange emission in
high [Br] systems, as well as the potential to increase NC stability and PL QY. However, dopant
incorporation in perovskite NCs has proven difficult due to the large cation size mismatch between
Pb2+ (119 pm) and common transition metal dopant ions, such as Mn2+ (83 pm), leading to
relatively low dopant ion incorporation in the NC lattice even with high dopant ion concentrations
in solution.170, 244, 311
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5.5.1 Optical Characterization
For Mn doped 2D CsPbCl3 NPLs, increased Mn PL was observed with dopant introduction
concentrations (Figure 5.2a, Figure S5.7), which indicates Mn dopant incorporation inside the
CsPbCl3 perovskite lattice and efficient host NC to Mn dopant energy transfer. Upon the
introduction of 0% to 300% Mn:Pb molar concentration MnCl2 into the reaction system, 0% to
1.3% Mn dopant incorporation resulted, as determined by elemental analysis using inductively
coupled plasma optical emission spectroscopy (ICP-OES).

Figure 5.2. Manganese concentration dependent optical properties of doped CsPbCl3 NPLs from
0% to 1.3% [Mn]. (a) Absorption (dashed lines) and PL (solid lines) spectra with corresponding
spectral analysis by (b) Mn-to-host PL peak intensity ratio. (c) Mn PL peak position, (d) host PL
FWHM, and (e) total spectral PL QY. Time dependent PL for (f) host PL and (g) Mn PL (inset:
average PL lifetime Decay for the given samples with respect to [Mn]). Error was calculated as
the standard deviation of a population of 10 repeated samples for each sample.
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Figure 5.2b shows that the Mn-to-host peak intensity ratio continually increases from 0 at
0% [Mn] to 1.9 at 1.3% [Mn]. The FWHM of the host PL spectra are extremely narrow, increasing
from 7.8 and 10.4 nm with [Mn] (Figure 5.2d). Further investigation of the optical spectra shows
a distinct red-shift of the Mn PL which shifts from 598 to 604 nm from 0.2% to 1.3% [Mn] (Figure
5.2c), as well as an increased FWHM of the Mn emission from 86 to 95 nm. This indicates that
the bonding environment of Mn is changing with increased [Mn], likely with broader substitutional
sites as more dopants are incorporated inside the NPL lattice. The dopant depth-dependent Mn
emission red-shift, due to the shell applied pressure on dopants, has been observed in Mn doped
CdS/ZnS core/shell NCs previously.5, 8, 12, 252, 312, 313 It is also possible to have similar pressure
behavior caused by internal lattice strain, causing a spring like torsion or compression effect on
the dopant sites, causing distortion of the Mn-coordingation.313 Interestingly, the total PL QY of
the resulting NCs increases drastically with the introduction of Mn, from 5% at 0% Mn to a
maximum of 21% at 0.9% Mn due to the prevalence of the Mn emission peak at around ~600 nm
with increasing [Mn] (Figure 5.2e). The PL QY slightly decreases following 0.9% Mn introduction
from 21% to 18% PL QY at 1.3% [Mn], which is likely due to the concentration quenching effect
that occurs at higher Mn doping concentrations, as previously observed in doped NCs.5, 8, 157
Figure 2f shows that the host PL lifetime decay drastically changes with the introduction
of Mn as the average lifetime decay (Figure 5.2f, inset) decreases from 7.2 to 1.8 ns at 0% and
1.3% [Mn], respectively. This effect occurs due to increased efficient host to Mn dopants energy
transfer and an increase in available Mn-decay pathways with increasing [Mn]. Additionally, the
continual decrease in the average Mn PL lifetime, from 1.3 to 0.9 ms at 0.2 and 1.3% [Mn],
respectively (Figure 5.2g and inset), further supports the Mn concentration quenching effect, as
short-ranged Mn-Mn interactions occur causing a reduced PL lifetime.8
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5.5.2 Physical Characterization
Further investigation of the Mn-doped CsPbCl3 NCs was performed through room
temperature X-band electron paramagnetic resonance (EPR) spectroscopy and powder X-ray
diffraction (XRD). EPR showed that Mn was largely introduced in the NC core, with a sextet
hyperfine splitting pattern of A = 87 G (Figure 5.3a) being similar to the 86 G splitting constant
observed in other Mn core doped perovskite systems.5,

136, 157

The average linewidth of the

hyperfine splitting increased from 13.8 to 17.3 G with [Mn] from 0.2% to 1.3% indicating
broader/different Mn bonding environments in the samples with higher [Mn] (Figure 5.3b and
inset).137 Additionally, a broad dipolar background is observed in the 1.3% [Mn] sample indicative
of Mn-Mn short-range interactions, which is consistent with higher Mn doping concentration for
2D NPLs. XRD pattern of the doped NPLs are consistent with cubic phase CsPbCl3 NCs (Figure
3c). With dopant incorporation, a slight increase in the diffraction angle can be observed that
increases with [Mn]. For example, the XRD peak associated with the (211) lattice plane shifts
0.06°, 0.08°, 0.13°, and 0.14° for 0.2%, 0.5%, 0.9%, and 1.3% [Mn] samples, respectively. This
shift in lattice structure is consistent with lattice contraction with the incorporation of the much
smaller Mn2+ ions in place of Pb2+.
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Figure 5.3. (a) X-band EPR spectra for Mn-doped CsPbCl3 NPLs, (b) the representative 3rd sextet
hyperfine peak of Mn:CsPbCl3 NPL EPR spectra to display increasing spectral linewidth with
increasing [Mn], inset shows the EPR spectral linewidth. (c) XRD for Mn-doped CsPbCl3 NPLs
of varying [Mn] from 0% to 1.3%. (d) Zoomed-in XRD patterns showing peak shifting of the
(211) diffraction peak by increasing the Mn-doping concentration.

5.6 Direct Synthesis of Mn-doped 2D CsPbX3 (X = Cl, Br, and mixture thereof)
Nanoplatelets
5.6.1 Physical Characterization of 2D Mn:CsPbX3 (X = Cl, Br, and mixture thereof)
Nanoplatelets
Mn doping was further tested in mixed halide systems to observe the Mn PL and structural
properties with halide composition. These mixed halide NPLs were directly synthesized by
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carefully matching MnBr2 and MnCl2 concentrations with proportional concentrations of DMF and
DMSO to the [Br] at 100% Mn:Pb molar concentration. TEM images (Figure 5.4a to 5.4c) show
that dopant incorporation did not largely affect the growth behavior of the 2D NCs, still resulting
in nearly square-shaped NPLs of 15 ± 3 nm, 17 ± 6 nm, and 18 ± 4 nm in average lateral length
for Mn-doped CsPbBr3 (Figure 5.4a), CsPbCl2Br (Figure 5.4b), and CsPbCl3 (Figure 5.4c),
respectively. However, a slight decrease in the d-spacing can be observed in the high-resolution
TEM (insets in Figure 5.4a–5.4c) compared with undoped NPL count parts, likely due to lattice
compression after Mn doping. The XRD peaks continuously shifts to lower angles from undoped
CsPbCl3 to CsPbBr3, which is consistent with the formation of mixed halide compositions
approaching pure CsPbBr3. In addition, the lattice compression after doping is further observed
from the XRD of the Mn-doped (top) and undoped (bottom) CsPbX3 NCs (Figure 5.4d). For
example, the XRD peak at ~39° associated with the (211) lattice plane shifts by ~0.1° for Mndoped NPLs, with respect to their undoped counterparts (Figure 5.4e).
Despite the consistent maintenance of 100% Mn:Pb mol% synthetic dopant concentration
throughout these Mn-doped samples, ICP-OES elemental analysis of shows that [Mn] generally
increases from 0.5% to 2.9% from 0% to 100% [Br], where Mn:CsPbCl3, Mn:CsPbCl2Br,
Mn:CsPbCl1.5Br1.5, Mn:CsPbClBr2, and Mn:CsPbBr3 were doped with 0.5%, 0.5%, 0.9%, 1.8%,
and 2.9% [Mn], respectively. X-band EPR analysis (Figure 5.4f) shows increased dipolar
contribution, from increasing Mn-Mn coupling with increased [Br], which is consistent with the
higher [Mn] for Br rich NPLs from ICP-OES results.
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Figure 5.4. TEM images of (a) CsPbBr3, (b) CsPbCl2Br, and (c) CsPbCl3 NPLs, (d) XRD of Mndoped and undoped CsPbX3 (X = Cl, Br, and mixture thereof) NPLs, (e) Zoomed-in XRD patterns
showing peak shifting of the (211) diffraction peak by Mn dopant incorporation, and (f) EPR
spectra for CsPbX3 NPLs of varying [Br] ranging from 0% to 100% halide composition.

5.6.2 Optical Comparison of Mn-doped and undoped CsPbX3 Nanoplatelets
Figure 5a shows an optical spectral comparison on Mn-doped and undoped CsPbX3 NPLs,
where ~4 nm PL blue-shifts can be observed in Figure 5.5a and 5.5c for these 2D CsPbCl3-xBrx
NPLs, which is due to lattice compression with the introduction of smaller Mn2+ ions in place of
the larger Pb2+ ions. Additionally, a strong Mn PL is observed in Cl- rich samples, however, an
decrease in the Mn-to-host PL intensity ratio decreases from 1.5 to 0 for Mn:CsPbCl3 to
Mn:CsPbBr3, respectively (Figure 5.5a and 5.5d). Given that the CsPbBr3 is larger than that of
Mn2+ energy levels, a Mn PL should be observed, however, the Mn PL is fully quenched in the
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Mn:CsPbBr3 NPLs (Figure 5.5a). This phenomenon has been observed in similar Mn:CsPbBr3 NC
systems and has recently been proposed to be driven by a back energy transfer mechanism where
the 4T1 Mn atomic band is so close to the conduction band of CsPbBr3 that the energy transfer to
Mn is repurposed back to the host conduction band by a thermally driven pathway, decreasing the
Mn PL (Figure 5.5b).121

Figure 5.5. (a) Optical spectra comparison between undoped (dashed line) and Mn-doped (solid
line) CsPbX3 (X = Cl, Br, and mixture thereof) NPLs. (b) schematic representation of the host and
Mn band-alignment with dopant incorporation for Mn:CsPbBr3 (top), Mn:CsPbCl1.5Br1.5 (middle),
and Mn:CsPbCl3 (bottom). (c-e) Spectral analysis data for (c) host PL peak position, (d) Mn-tohost PL intensity ratio, and (e) total PL QY. Lifetime decay of the (f) host PL and (g) Mn PL of
Mn-doped NPLs, with respect to [Br]. The inset in (f) presents a comparison of the average host
PL lifetime between the undoped and Mn-doped NPLs, whereas the inset in (g) represents the
average Mn PL lifetime.
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Significantly, an increase in PL QY is also observed with dopant introduction (Figure 5.5e).
For Cl rich NPLs this effect can be easily explained due to the appearance of the Mn emission
spectra at ~600 nm, however, due the constricting of the host bandgap as [Br] increases, Mn peak
intensity decreases at higher [Br] and quenched in CsPbBr3 NPLs (Figure 5.5a). Therefore, the
increasing PL QY must also be caused by at least one additional factor, which we speculate is an
overall increase in structural stability according to the Goldschmidt tolerance factor (eq. 1.2). With
the introduction of the smaller Mn2+ ions, where, r is equal to the ionic radii of the respective ions
in the ABX3 perovskite structure, the tolerance factor should increase.314 Consequently, with the
stability range for this tolerance factor being between ~0.825 and 1.059, the desired value for the
tolerance factor should be a more central value around ~0.942 as structural stability drastically
decreases closer to the edge of the tolerance factor range.15 Therefore, a decrease in the average
radius of the B-site ion would result in an increase in the tolerance factor for a more stable structure,
according to the respective tolerance factors of CsPbCl3 and CsPbBr3 being 0.914 and 0.907.
Indeed, the introduction of Mn2+ increases the tolerance factor closer to 0.942 causing an increase
in structural stability of the [Br] rich samples and a resulting increase in exciton recombination
energy that then increases the host bandgap PL QY without the introduction of a Mn PL.
Time-dependent PL spectra (Figure 5.5f and 5.5g) are consistent with the introduction of
dopant ions, where the average host PL lifetime significantly decreases upon Mn-dopant
introduction and increases from 2.8 to 21.6 ns with increasing [Br] from 0% to 100%, respectively
(inset in Figure 5.5f). This effect likely occurs due to the increases PL QY of the higher [Br]
samples. Figure 5.5g shows that the Mn lifetime decay decreases with [Br] from 1.2 to 0.5 ms,
indicating that the structures are likely experiencing increased Mn-Mn short-ranged interactions
and Mn concentration quenching effects due to the higher [Mn] in Br rich NPLs.157
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5.7 Conclusions
We have developed a facile ligand-mediated synthetic method for the structural and
morphological engineering of 2D all-inorganic perovskite NPLs by the dropwise introduction of
CsX and PbX2 precursors into an open and rapidly stirring vial of toluene at room temperature.
The resulting 2D NPLs have narrow FWHM, relatively high PL QYs, and short host PL lifetime
decays. Furthermore, we were able to utilize this direct synthetic method for Mn-dopant
incorporation, through the simple introduction of dopant ions into a Cs-Pb precursor prior to the
NPL synthesis. The developed ligand-mediated synthetic method for 2D perovskite NPLs requires
no energy input, no further precursor purification, and no inert atmosphere, while avoiding harsh
conditions and excessive Pb concentrations, making it a promising synthetic route for the
introduction of 2D perovskite NCs to industrial applications for further use in optoelectronics.

5.8 Supporting Information
5.8.1 Long-Ligand Control Experiments
Ligand concentration and compositional control experiments initially focused on oleic acid
(OA) -to- oleylamine (OAm) long-ligand composition, according to volumetric OAm
concentration ([OAm]), with respect to total ligand volumetric concentration. [OAm] was varied
from 0% to 100% while varying total ligand concentration between 50 and 250 µL for a 1 mL
perovskite precusor. Therefore, increased [OAm] would require decreased [OA] to maintain the
consistent volume. The optical spectra found in Figure S5.1 were analyzed for 3 distinct factors
throughout all control experiments, where namely a spectra with a blue-shifted emission, narrow
FWHM, and relatively high PL QY would be preferred as indicators of anisotropic growth in the
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resulting NCs. The resulting NCs were also analyzed using TEM (Figure S5.2) to ensure the use
of quality NCs with high monodispersity.
Optical results, as shown in Figure S5.1 (a-e), indicate that the use of [OAm] of 20% - 40%
are preferred as this region demonstrated spectra with blue-shifted emissions to around 509 nm,
narrow FWHM as narrow as 12 nm, and PL QYs of over 30%. These results were narrowed to the
use of 20% [OAm] and 80% [OA] due to these samples showing quality emission and absorption
spectra, the highest PL QY, the narrowest FWHM, and relatively short PL lifetimes of the 20% to
40% [OAm] spectra with a comparable blue-shift to the other spectra.
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Figure S5.1. Long ligand compositional study of varying total volumetric concentrations from 50
to 250 µL with each volumetric concentration varying in long ligand composition form 0% OAm
to 100% OAm. (a – e) Absorbance (dashed line) and photoluminescence (solid line) spectra of
CsPbBr3 NCs with respect to long ligand volumetric concentration from (a) 50 µL to (e) 250 µL
with respect to long ligand composition of varying OA to OAm composition from 0% OAm
(bottom, black) to 100% (top, red). (f – j) Time-dependent PL spectra for the varying ligand
volumes and [OAm] where (f) represents the 50 µL sample and (j) represents the 250 µL sample.
Insets show the average PL lifetime decay for the given samples. (k – m) Optical analysis of the
given spectra for (k) host PL peak position, (l) host PL FWHM, and (m) total spectral PL QY, all
with respect to [OAm].
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The 20% [OAm] samples with varying total volumetric concentrations from 50 to 250 µL
were analyzed using TEM (Figure S5.2 a – e). Each image was analyzed for both NC length
(Figure S5.2 f – j) and surface area (Figure S5.2 k – o), showing ligand concentrations between
100 and 150 µL could technically be applicable for our methods, as the resulting NCs were highly
monodisperse with NCs of high quality. The 100 µL NC sample exhibited avg. 19 nm in lateral
length with avg. 344 nm2 surface areas. At 150 µL, the NCs are avg. 18 nm in length with avg.
surface areas ~333 nm2. Other samples have poor NC quality and high size dispersion, where 50,
100, 150, 200, and 250 µL of ligand resulted in NCs ranging lateral lengths of 8 – 58 (avg. 18) nm
, 11 – 46 (avg. 19), 12 – 26 (avg. 18) nm, 7 – 53 (avg. 19) nm, and 9 – 28 (avg. 14) nm with surface
areas ranges of 64 – 2320 (avg. 348) nm2, 163 – 895 (avg. 344) nm2, 183 – 494 (avg. 333) nm2, 78
– 1563 (avg. 387) nm2, and 81 – 793 (avg. 212) nm2, respectively. The 150 µL ligand concentration
was therefore selected as it also provided a higher PL QY, narrower PL FWHM, and highly
monodispersed NCs.
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Figure S5.2. Long ligand compositional study based on volumetric concentration of oleic acid and
oleylamine ligands at a 80% to 20% volumetric ratio from a total of 50 µL to 250 µL ligands,
respectively for the synthesis of CsPbBr3 NCs. TEM images (a – e) of the resulting NCs at
increasing volumetric concentrations from (a) 50 µL to (e) 250 µL. Size characterization of the
NCs in the given TEM images where (f) through (j) represent lengthwise measurements of the
nanocube crystals and (k) through (o) represent the measured particle surface area based on the
NC lateral dimensions.

5.8.2 Control Experiments of the Mixture of Short and Long Ligands
Short-ligand compositional studies were performed under a constant [long ligand]
composition of 80% OA and 20% OAm. Total [short ligand] was varied from 10% to 20% and
[Oct. Ac.] composition was varied from 0% to 100%, respectively (Figure S5.3). Low [short
ligand] concentrations were originally chosen by comparison to previously reported works by

P a g e | - 153 -

Manna et al.209 and Zheng et al.7 which showed that low concentrations of short ligand assisted in
the synthesis of anisotropic NCs. Meanwhile short ligand composition, varying from 0% to 100%
[OctAc], was tested for our desired blue shift, narrow FWHM, and high PL QY for an optimized
2D NC system. Additionally, time-dependent photoluminescence was used in correspondence with
our other three desired properties to further characterize our samples, in which shorter decay times
are likely to resolve in anisotropic NC systems due to the increase in exciton binding energy
observed with increased quantum confinement in anisotropic NCs.
These values can be narrowed by just focusing on 20% [short ligand] samples, which have
the most consistent results and lowest overall lifetime. The results showed that higher [Oct. Ac.]
at total 20% [short ligand] were preferred as they produced the desired narrow FWHM, blueshifted emission, high PL QY, and short lifetime decay (Figure S5.3). Specifically, the region at
65% to 95% [Oct. Ac.] produced the best results, with blue-shifted emissions from 501 – 508 nm,
FWHM from 12 – 16 nm, PL QY up to ~40%, and relatively short average lifetime decays that
averaged around 50 ns. We see that the appropriate range for [Oct. Ac.] shifts to between 60% and
80%, resulted in similar PL peak positions, FWHM, and PL QY as the other [short ligand] samples,
showing blue shifted emissions to 503 nm, FWHM down to ~12 nm, and PL QY up to ~40% with
little variance based on [short ligand]. Thus the [Oct. Ac.] was chosen to be 75% due to its
decreased lifetime, increased PL QY, and relatively similar, blue-shifted PL and PL FWHM.
Selected ligand conditions, therefore, involve the use of a total 150 µL ligands, consisting of 80%
long ligands (96 µL (64%) OA and 24 µL (16%) OAm) and 20% short ligand (22.5 µL (15%)
OctAc, and 7.5 µL (5%) OctAm), at a total volumetric concentration of 150 µL for a 1 mL
precursor solution. Results from CsPbBr3 studies were also shown to translate to CsPbCl3 and
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mixed halide NCs with a substantial narrowing of the emission FWHM resulting with increasing
[Cl-] anion concentration.
Results showed a preference for higher concentrations of OctAc for characteristics
consistent with 2D growth, including blue shifted PL, thinner FWHM, and shorter PL lifetime
decay, where peak position consistently blue shifted for all samples up to ~90% [OctAc], FWHM
consistently decreased with [OctAc] up to 100%, PL QY peaked at an average of ~30% at ~80%
[Oct Am] and PL lifetime decay duration decreased with [OctAc] up to 100%. While PL peak
position, PL FWHM, and PL QY depended more heavily on ligand composition than
concentration, the average time-dependent PL decay depended much more significantly on [short
ligand], where higher concentrations consistently resulted in shorted average decay times.
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Figure S5.3. Short ligand compositional study at a consistent 80% oleic acid to 20% oleylamine
long ligand composition where the ratio between short ligands (v:v) was tested at the desired 10 –
20% short ligand concentration range with respect to [OctAc] form 0 – 100%. (a-c) Absorption
(dashed line) and PL (solid line) spectra for (a) 10%, (b) 15%, and (c) 20% [total short ligand]. (df) Time-dependent PL spectroscopy was obtained for (d) 10%, (e) 15%, and (f) 20% [total short
ligand] with respect to [OctAc]. The average calculated lifetime decay for these samples is
displayed in inset. Represents the optical analysis of these spectra for (f) PL peak position, (g) PL
FWHM, and (h) PL QY, where ligand concentrations (10%, 15%, 20%) were compared.
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AFM was used to determine and analyze the height of two representative CsPbBr3 samples.
One CsPbBr3 sample was synthesized using the optimized long ligand composition of 80% OA to
20% OAm at a total volumetric ligand concentration of 150 µL. The other sample was synthesized
using the optimized long and short ligand mixture of 64% OA, 16% OAm, 15% OctAc, and 5%
OctAm at a total volumetric ligand concentration of 150 µL. When comparing the height data of
the long-ligand only sample (Figure S5.4a – S5.4c) to the TEM data for the same sample above
(Figure S5.2c and S5.2h), we can compare the lateral (18 nm) and vertical (7.4 nm, ~12 monolayer
(ML)) growth of these NCs. This indicates that resulting NCs are either quasi-nanoplatelets
(QNPLs) or NPLs. Although, 12 MLs in thickness is typically larger than traditional NPL,
therefore we will refer to these NCs as QNPLs. Meanwhile, the AFM of our short ligand containing
system in Figure S4d to S4f resulted in NCs of ~4.8 nm thickness, showing that short ligand
introduction caused thinner NC formation toward more accurately interpretable NPLs.
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Figure S5.4. AFM image comparison for CsPbBr3 QNPLs, synthesized using the optimized long
ligand concentration and composition of 80% OA to 20% OAm at 150 µL total volumetric
concentration and 2D CsPbBr3 NPLs, synthesized using the standard 62% OA, 16% OAm, 15%
OctAc, and 5% OctAm mixture of long and short ligands at 150 µL total volumetric concentration.
(a, d) 3D tapping phase topographical image of CsPbBr3 (a) QNPLs and (d) NPLs. (b, d) 2D
tapping phase topographical image of CsPbBr3 (b) QNPLs and (e) NPLs. (c, f) Cross-sectional
height analysis of a representative particles for CsPbBr3 (c) QNPLs and (f) NPLs.

5.8.3 Control Experiments for Precursor Injection Time
Injection time was determined to be an important parameter for our reactions, largely
controlling the quality of the resulting product. Rapid, near instantaneous, injection times resulted
in poor NC quality control as shown in Figure S5.5 and S5.6. Generally, multiple emission spectra
and poor-quality absorption spectra resulted from rapid injections. NC quality increased with
injection times but mostly plateaued after 60 sec of dropwise injection.
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By slowing the reaction, NC solutions with high monodispersity and high overall quality
were produced. This is likely because toluene enacts the NC reaction by forcing rapid nucleation.
Therefore, slowing the injection time allows for NC growth, rendering 2D NPLs formation. The
effects of injection time on NC formation can be observed in Figure S5, where the instantaneous
injection NPL for CsPbBr3 (Figure S5.5a) shows a broad PL with a poor quality absorption spectra
and the CsPbCl3 reaction is polluted with multiple emission spectra, both indicating poor
monodispersity. While long injection time (> 60 s) generally leads to broader size distribution as
indicated by broader FWHM, increasing from ~15 to 18 nm between 60 and 180 sec for CsPbBr3.

Figure S5.5. Injection time and solvent dependent Absorption (dashed line) and PL (solid line) of
(a) CsPbBr3 and (b) CsPbCl3 NCs from 0 sec to up to 180 sec (c) PL peak position and (d) PL
FWHM of samples made using the optimized long-ligand only system.
To further elucidate the NC quality with respect to injection time, TEM images were
obtained for CsPbCl3 NCs with varying injection time from 0 to 60 seconds. The resulting TEM
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images, show that rapid injection times result in a NC solution contains dark clouded regions
consisting of small quantum dot side-products. Longer injection times result in less quantum dots,
and eventually no observable small dots in the 60 second injection sample. Therefore, 60 sec
injection times were chosen for our reaction conditions as it provided high quality nanocrystals
without limiting or overly lengthening the reaction process.

Figure S5.6. Injection time dependent TEM images of (a – c) CsPbCl3 NPLs, where the Cs-Pb
NC precursor injections into toluene were performed (a) rapidly, (b) over 30 s, and (c) over 60 s
injection times.

5.8.4 Full data set of the representative data depicted in the Figure 5.2
Mn doping in 2D CsPbCl3 NPLs was attempted over a wide range of Mn dopant molar
concentrations, from 25 – 400% Mn:Pb %mol in synthesis. Generally, larger doping
concentrations, in these samples, result in a more reds-shifted dopant emission, a higher dopantto-host intensity ratio, and a short host and Mn lifetime. The PL QY increases from 0-200% [Mn]
in synthesis then decreases with higher [Mn] due to Mn dopant concentration quenching effect. In
the full data set, these trends are clear, however, multiple points were removed from the data

P a g e | - 160 -

presented in Figure 2 in the main manuscript since the data trend can be maintained with less points
making the data more evident and concise in the main manuscript.

Figure S5.7. Mn concentration dependent optical properties of doped CsPbCl3 NPLs from 0% to
400% [Mn] in synthesis. (a) Absorption (dashed lines) and PL (solid lines) spectra with
corresponding (b – d) spectral analysis by (b) Mn PL peak position, (c) Mn-to-host PL peak
intensity ratio, and (d) total spectral PL QY. Time dependent PL for (e) Host PL and (f) Mn PL
(inset: average PL lifetime Decay for the given samples with respect to [Mn]). (g – h) Images of
2D Mn:CsPbCl3 NPLs in toluene solution under (g) visible light and (h) 365 nm UV-light
irradiation.
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Chapter 6 – Conclusions and Future Perspectives
6.1 Research Summary
Highlighted in this report are my continued efforts to functionalize 2D perovskite and IIVI semiconductor NCs towards future optoelectronic applications, by carefully designing core,
shell, and dopant incorporation synthetic methods. In Chapter 1, a brief summary of 2D NCs, their
properties, potential application, and current synthetic and methodological limitations were
discussed. Chapter 2 detailed the development of the first Mn-doping method for 2D CdS NPLs,
and a low temperature shelling method, coined SSSP, from the dissociation of Zn(DDTC)2 in the
presence of amine. The optical properties of the resulting Mn:CdS/ZnS core/shell NPLs were
analyzed with respect to dopant concentration, finding that relatively large Mn dopant
concentration could be incorporated, resulting in the quenching of the host PL with improved
energy transfer toward the Mn dopant. Interestingly, a large red-shift resulted upon shell
passivation spanning nearly 420 eV. This large optical shift was attributed to an increase in the
core thickness upon shell passivation, likely as a result of the excess sulfur in the SSSP shelling
precursor, providing 4:1 S:Zn ratio. Magnetic measurements showed possible antiferromagnetic
coupling in the highest doped NPL samples with 4.7% Mn.
Chapter 3 represents my first efforts toward functionalizing 2D perovskite NCs. This report
focused on the development of a novel synthesis for chemically diverse CsPbX3 (X = Cl, Br, I,
and mixture thereof) NPLs and NSs from the assembly of NRs of the same aforementioned
composition by post-synthetic solvothermal treatment. This method boast the first direct synthesis
for the full spectrum of halide compositions of CsPbX3 2D NCs, without the use of anion exchange.
Further investigations to elucidate the surface and ligand interactions during this process are still

P a g e | - 162 -

underway with preliminary result showing that the synthesis can be further simplified for ease of
study. Ligand composition is clearly the key toward the 2D NC formation mechanism; however,
current results are still unclear and require further exploration. In Chapter 4, a similar postsynthetic solvothermal method is utilized to produce highly doped Mn:CsPbCl3 NPLs. The NPLs
are first synthesized by a hot-injection approach and then treated in a solvothermal autoclave for
1 – 4 hrs to force surface bound Mn dopant ions into the NC core. Interestingly, after extended
treatment, spinodal decomposition to CsMnCl3 was observed withing doped NPLs.
Chapter 5 expounds upon my most recent work toward the development of a room
temperature synthesis for doped 2D perovskite NPLs. Through careful ligand mediation, the
synthesis was made viable for relatively thick Mn-doped CsPbX3 (X = Cl, Br, and mixture thereof)
NPLs. This is notable as the reaction occurs at room temperature entirely open to ambient
atmosphere, while syntheses for similar materials commonly required elevated temperature
reaction and sometimes exceeding 200 °C in inert atmospheres that have been purified of moisture
and oxygen. Additionally, Mn was introduced in its common Mn2+ state, providing ERP and
optical spectra as proof without total oxidation. A curious effect with dopant incorporation was
also observed in CsPbBr3 NPLs as no Mn PL was observed, however, the overall PL QY of the
NC increased with Mn incorporation, likely due to Mn increasing the structural integrity of the
NPL according to the Goldschmidt tolerance factor. This reaction method could be of keen interest
to future industrial applications, as it is extremely facile, as well as time and cost effective.
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6.2 Continued Efforts for and Future prospects of Functionally Doped 2D
Nanocrystals
Multiple projects have been left in my wake as I leave, including the surface chemistry
study to determine the formation mechanism behind the 2D NCs formation under solvothermal
conditions as well as further efforts to expand the current room temperature synthesis for 2D NCs.
The surface chemistry studies are well underway but still require extensive time and efforts paid
toward probing the surface ligand interaction during NC growth under solvothermal synthesis.
This includes further TGA analysis as well as expansion of the surface topographical studies
toward the use of FTIR and 2D NMR. Meanwhile, the project of most interest is continuing my
work to develop a room temperature synthesis compatible with a wide variety of NC compositions.
Primarily this involves the development of similar ligand mediated approaches for the synthesis
of lead-free double-perovskites. Additionally, given the success with Mn doping, the already
developed synthetic method may be viable for further dopant incorporation studies. Lead-free
double-perovskite are a promising alternative to current perovskite NCs as they boast improved
stability and reduced environmental risk. However, they lack the impressive optical properties of
Pb-based perovskite NCs which heavily limit their application in optoelectronic devices. Dopant
incorporation has already proven to be a promising remedy their lackluster performance but there
is still significant work and efforts that must be paid toward these materials before they are
commercially applicable.
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Summary
▪ Materials chemist with 5 years research experience on the development of two-dimensional
nanomaterials.
▪ Additional 2+ years’ experience developing single-molecule magnetic structures for data
storage applications.
▪ Current author of 15 peer-reviewed publications.
▪ Mentor of 3 graduate, 7 undergraduate, and 1 high school students while working in the Zheng
Lab.

Education
Slippery Rock University, Slippery Rock, PA
Major: Bachelor of Science in ACS Certified Chemistry
Overall GPA: 3.30/4.00; Major GPA: 3.06/4.00
Syracuse University, Syracuse, NY
Degree: Doctorate in Inorganic Chemistry
Overall GPA: 3.82/4.00

[Graduation: May 2016]

[Expected Graduation: June 2021]

Research Experience
Research Associate for Single Molecule Magnetism Studies
[February 2014 – May 2016]
Faculty advisor: Dr. Thaddeus T. Boron III, Slippery Rock University of Pennsylvania
▪ Synthesis of single-molecule magnet structures in a metallocrown framework for data storage
applications.
▪ Self-assembly wet chemistry, magnetic susceptibility, and gravimetric measurements
Research Associate for Two-dimensional (2D) Nanomaterials
[December 2016 – Present]
Faculty advisor: Dr. Weiwei Zheng, Department of Chemistry, Syracuse University
▪ Synthesis and characterization of 2D II-VI semiconductor nanocrystals
▪ Synthesis, assembly, and direct manipulation of 1D and 2D all-inorganic perovskite
nanomaterials.
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Select Presentations and Posters
1. Enormous exciton energy shifts and tunable dopant emission in manganese doped twodimensional CdS/ZnS core/shell nanoplatelets. Poster Presentation: The 42nd ACS
Northeastern Regional Meeting in Saratoga Springs, NY, June 23-26 (2019)
2. Tunable Emission of Manganese Doped Two-Dimensional CdS/ZnS Core/Shell Nanoplatelets
Poster Presentation: 2019 Syracuse Chemistry Graduate Student Poster Competition at
Syracuse University in Syracuse, NY. (2019)
3. Manganese Doped Two-Dimensional CdS/ZnS Core/Shell Nanoplatelets Poster Presentation:
256th ACS national meeting on Nanoscience, Nanotechnology & Beyond in Boston, MA.
(2018)
4. Manganese Doped Two-Dimensional CdS/ZnS Core/Shell Nanoplatelets Poster
Presentation: 2018 Syracuse Chemistry Graduate Student Poster Competition at Syracuse
University in Syracuse, NY. (2018)
5. Mn2+ Doped Two-Dimensional Semiconductor Quantum Nanoplatelets Poster Presentation:
2017 Syracuse Chemistry Graduate Student Poster Competition at Syracuse University in
Syracuse, NY. (2019)
6. The Exploration of Single-Molecule Magnetic Properties of a Family of [LnIII4MnIII4] (LnIII =
YIII, DyIII, HoIII, ErIII) Compounds Oral Presentation: The Symposium for Student Research,
Scholarship and Creative Achievement at Slippery Rock University of Pennsylvania. (2016)
7. The Exploration of Nano-magnetic Properties Presented in a Family of Lanthanide Containing
[LnIII4MnIII4] (LnIII = YIII, DyIII, HoIII, ErIII) Compounds Poster Presentation: The 30th annual
National Conference of Undergraduate Research Symposium at UNC in Ashville, NC. (2016)
8. Exploration of Single-Molecule Magnetic Properties Presented in a Family of Lanthanide
Variant [LnIII4MnIII4] (LnIII = YIII, DyIII, HoIII, ErIII) Compounds Poster Presentation: 2016
ACS Student Member Symposium at the University of Duquesne in Pittsburgh, PA (2016)
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Grants and Awards
▪ SURE Grant Recipient for the Study of Nano-Magnetism in Lanthanide Containing
Metallacrown Structures,
▪ Co-Author: Dr. Thaddeus T. Boron, III (2015)
▪ Recipient of the Paul Johnson Scholarship for Student Engagement (Two-Year Recipient,
2015-2016)
▪ Recipient of the Second-place award for best poster at the Syracuse Chemistry Graduate
Student Poster competition for the poster titled Mn Doped 2-Dimensional Semiconductor
Nanoplatelets (2017)
▪ Recipient of the First-place award for best poster at the Syracuse Chemistry Graduate Student
Poster competition for the poster titled Manganese Doped 2-Dimensional CdS/ZnS Core/shell
Nanoplatelets (2018)
▪ Recipient of the Syracuse University Summer Dissertation Fellowship (2020)

Related Experience
SLIPPERY ROCK UNIVERSITY, Slippery Rock, PA
Teaching and Lab Assistant

[August 2013 – May 2016]

▪ Ensure the safety of laboratory students, while being a presence of acquired knowledge.
▪ Prepare and test reagents, materials, equipment, and instrumentation for both General
Chemistry and Organic Chemistry laboratories.
SYRACUSE UNIVERSITY, Syracuse, NY
Teaching and Research Assistant

[August 2016 – Present]

▪ Present information using a lecture styled methodology in a clear and concise manner.
▪ Serve as a resource for the benefit of student understanding and application of a general array
of chemical properties, theorems, and concepts, while ensuring student safety.
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